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Foreword

Electrochemical sensors are transforming our lives. From smoke detectors in our

homes and workplaces to handheld self-care glucose meters these devices can offer

sensitive, selective, reliable, and often cheap measurements for an ever increasing

diversity of sensing requirements. The detection and monitoring of environmental

analytes is a particularly important and demanding area in which electrochemical

sensors and biosensors find growing deployment and where new sensing opportu-

nities and challenges are constantly emerging.

This manual provides up-to-date and highly authoritative overviews of electro-

chemical sensors and biosensors as applied to environmental targets. The book

surveys the entire field of such sensors and covers not only the principles of their

design but their practical implementation and application. Of particular value is the

organizational structure. The later chapters cover the full range of environmental

analytes ensuring the book will be invaluable to environmental scientists as well as

analytical chemists.

I predict the book will have a major impact in the area of environmental analysis

by highlighting the strengths of existing sensor technology whilst at the same time

stimulating further research.

Oxford University

Oxford, UK

Richard G. Compton
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Preface

Dear Reader,

We are pleased that you have decided to use Environmental Analysis by Electro-
chemical Sensors and Biosensors either as a monograph or as a handbook for your

scientific work. The manual comprises two volumes and represents an overview of

an intersection of two scientific areas of essential importance: environmental

chemistry and electrochemical sensing.

Since the invention of the glass electrode in 1906 by Max Cremer, electrochem-

ical sensors represent the oldest type of chemical sensor and are ubiquitously

present in all chemical labs, industries, as well as in many fields of our everyday

life. The development of electrochemical sensors exploiting new measuring tech-

nologies makes them useful for chemical analysis and characterization of analytes

in practically all physical phases - gases, liquids and solids - and in different

matrices in industrial, food, biomedical, and enviromental fields. They have

become indispensible tools in analytical chemistry for reliable, precise, and inex-

pensive determination of many compounds, as single shot, repetitive, continuous,

or even permanent analytical devices. Environmental analytical chemistry demands

highly sensitive, robust, and reliable sensors, able to give fast responses even for

analysis in the field and in real time, a requirement which can be fulfilled in many

cases only by electrochemical sensing elements.

The idea for this manual was brought to us by Springer. The intention was to

build up an introduction and a concise but exhaustive description of the state of the

art in scientific and practical work on environmental analysis, focused on electro-

chemical sensors.

To manage the enormous extent of the topic, the manual is split into two

volumes. The first one, covering the basic concepts and fundamentals of both

environmental analysis and electrochemcial sensors,

1. gives a short introduction and description of all environments which are subject

to monitoring by electrochemical sensors, including extraterrestrial ones, as a

particularly interesting and exciting topic;
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2. provides essential background information on electroanalytical techniques and

fundamental as well as advanced sensor technology;

3. supplies numerous examples of applications along with the concepts and strat-

egies of environmental analysis in all the various spheres of the environment and

with the principles and strategies of electrochemical sensor design.

The second volume is more focused on practical applications, mostly comple-

mentary to the examples given in volume I, and

1. overviews and critically comments on sensors proposed for the determination of

inorganic and organic analytes and pollutants, including emerging contaminants,

as well as for the measurement of global parameters of environmental

importance;

2. reviews briefly the mathematical background of data evaluation.

We hope that we have succeeded in fulfilling all these objectives by supplying

general and specific data as well as thorough background knowledge to make

Environmental Analysis with Electrochemical Sensors and Biosensors more than

a simple handbook but, rather, a desk reference manual.

It is obvious that a compilation of chapters dealing with so many different

specialized areas in analytical and environmental chemistry requires the expertise

of many scientists. Therefore, in the first place we would like to thank all the

contributors to this book for all the time and effort spent in compiling and critically

commenting on research, and the data and conclusions derived from it.

Of course, we would like to particularly acknowledge all the people from

Springer who have been involved with the process of publication. Our cordial

thanks are addressed to Kenneth Howell, who accompanied us during all the

primary steps and, later during the process of revision and editing together with

Abira Sengupta, was always available and supportive in the most professional and

pleasant manner.

Furthermore, we are indebted to a number of our collaborators, colleagues, and

friends for kindly providing us literature and ideas, and stimulating us with fruitful

discussions. We would also like to thank all the coworkers who did research

together with us and under our supervision, as well as all the scientific community

working in the field of environmental sensing.

In particular, we would like to express our gratitude to all the persons, especially

to our families, who supported us in the period of the preparation of the book.

Last but not least, we will be glad for comments from readers and others

interested in this book, since we are aware that some contributions or useful details

may have escaped our attention. Such feedback is always welcome and will also be

reflected in our future work.

Venice, Italy Ligia Maria Moretto

Graz, Austria Kurt Kalcher

December 2013
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6 Non-metal Inorganic Ions and Molecules . . . . . . . . . . . . . . . . . . . 827
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Environmental Analysis



Chapter 1

Introduction to Electroanalysis

of Environmental Samples

Ivan Švancara and Kurt Kalcher

1.1 Electroanalysis

For lengthy decades, electroanalysis represents the largest area of applied

electrochemistry, involving measurements of the electric signals associated with

the behaviour and/or transformations of charged species in the solution. From

traditional point of view, electroanalysis can be classified as a special area of

electrochemistry which is primarily focused on the determination (quantification)

of chemical substance(s) in a sample, but also on qualitative characterisation—i.e.,

identification.

Historically, one can find the first pioneering attempts with potentiostatic elec-

trolysis/electrogravimetry that can be considered as analytical applications within

some revolutionary electrochemical experiments (see examples in reference (1));

nevertheless, real electroanalysis began in the first half of the twentieth century with

the development of potentiometric and amperometric analytical methods charac-

terized by milestones such as design and physicochemical interpretation of the first

real electrochemical sensor, the glass electrode by Cremer and Haber2,3 and

Heyrovský’s invention of polarography.4,5 The latter had launched a tremendous

development of techniques with modulated potential ramps,6–8 followed by inven-

tion of the highly effective electrochemical stripping analysis9,10 and its further

extension to the time-dependent potentiometric mode.11 A wide application of the

methods to environmental, pharmaceutical, and medical analyses resulted
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accompanied by coupling electroanalytical devices to flow systems (amperometric

or coulometric detection)12,13 that contributed to the expansion of electrochemical

principles into the realm of analytical separations.

In parallel with these current flow-based measurements (equilibrium)

potentiometry held an important position,14 particularly after introduction of all

the various types of ion-sensitive membranes whereas conductometry,

oscillometry, and dielectrometry15 were an occasional choice and nearly the same

can be said about some other measurements (e.g. biamperometry and

bipotentiometry,16 chronoamperometry and chronopotentiometry17). In the last

half century, other techniques were proposed, such as sonovoltammetry,18 electro-

chemical impedance spectroscopy (EIS19), electrochemiluminescence,20

spectroelectrochemistry,21 and scanning electrochemical microscopy (SECM22).

Similar to other fields of instrumental analysis, the development and expansion

of both electrochemistry and electroanalysis is tightly associated with the progress

in instrumentation; some apparatuses over the years are depicted in Fig. 1.1. The

first automated electroanalytical analyzer, a polarograph constructed by Heyrovsky

and Shikata,24 was practically also the first automatic analytical device at all. With

the rapid technical development after the WW II, various devices had appeared on

the market which allowed comfortable voltammetric and potentiometric analyses

with a high degree of automatization; companies worth to mention in this context

are Tacussel in France, Princeton Applied Research (PAR, later part of EG&G) and

Orion in the US, Metrohm in Switzerland and Radiometer in Denmark (see

Fig. 1.1c). The first commercial whole blood glucose analyzer was introduced in

the US by Yellow Springs Instruments in 1975, it was the legendary Yellow Springs

Glucose Analyzer Model 23A based on the first biosensor developed by Leland

“Lee” Clark.25 Nowadays there is the trend for miniaturisation on one hand, as

demonstrated by hand-held devices produced by PalmSens or DropSens; on the

other we find sophisticated desktop instruments offering the whole landscape of

electrochemical techniques such as AutoLab (Metrohm) or BASi (Bioanalytical

Systems Inc.) analyzers.

With respect to electrodes potentiometry started with the glass electrode from

Cremer in 1906 2; starting in the 1960s the development of polymer-based mem-

branes had a strong impact on the popularity of ion-sensitive electrodes.

Mercury was the dominant electrode material for current-based measurements in

the first half of the twentieth century, which has eventually changed during its

second half ending up in some kind of mercuryphobia. Nevertheless, other mate-

rials came to the fore as a consequence, such as graphite, glassy carbon, gold plus

some other precious metals, and newly also bismuth.

A milestone was the invention of carbon paste by Ralph “Buzz” Adams in

1958,26 which favoured, due to its heterogeneous paste-like composition, simple

and multiple modification of the electrode material even with labile biological

components. The first amperometric sensor, the famous “Clark oxygen electrode”

was described in by Leland Clark 1954.27 Currently, new substances have a primary

position in electrochemical literature, such as boron-doped diamond or nanostruc-

tured materials.

4 I. Švancara and K. Kalcher



1.2 A Glance into Electroanalytical Literature

The extent of electrochemical literature, apart from publications in scientific journals,

is very wide, meaning that any surveys or suggestions to be made are always arbitrary

and incomplete.Within such a selection,5,13,16,19,21,22,28–66 one can find extensive book

series,37,40,49 chapters in encyclopedic literature (e.g. reference (33)), fundamental and

general textbooks (e.g. references (5, 29, 35, 46–48, 53)), practical guides,38–41,52,54

andmonographs focused on instrumentation,44,45 electrodes,5,32,66 analyses41,55,58 and

techniques,13,16,39,43,51 including new disciplines11,19,22. Whereas most of books

listed still are available worldwide (e.g. references (29, 35, 45, 66)), other issues and

releases have more regional or local character.56–65

Fig. 1.1 Potentiostat: Original polarographic analyzer by Heyrovský (a); Princeton Applied

Research Model 164 (b); Radiometer TraceLab PSU unit with the electrode stand (c); AutoLab

Model PSTAT (d); handheld device PalmSens (e). Photo (a) reproduced from reference (23) with

permission of Prof. Z. Samec, Heyrovsky Institute, Prague, Czech Republic, photos (b–e) by the

authors (K. Kalcher and I. Švancara)

1 Introduction to Electroanalysis of Environmental Samples 5



1.3 Electroanalysis in a Flash

As each field of instrumental analysis, also electrochemical measurements can be

evaluated via the respective possibilities and limitations, without need of going into

specific details.

1.3.1 Advantages

– Long tradition and highly elaborated theoretical background.

– Relatively simple and inexpensive instrumentation.

– Generally low investment and operational costs.

– High level of diversity in modifying the instrumentation (including electrodes)

for special purposes.

– Wide flexibility in practical analysis (of inorganic ions, complexes and mole-

cules, organic substances as well as biologically important compounds, includ-

ing some microorganisms).

– Excellent performance in trace analysis (high selectivity, extraordinary detec-

tion characteristics).

– Applicability in speciation and differentiation analysis.

– Suitable as reference technique/method in evaluations of new procedures for

routine analysis.

– Adaptability for field monitoring and similar outdoor employment.

– Good premises for miniaturisation and compatibility with PC controlled

systems.

– Wide applicability of new technologies.

– Good compatibility with other analytical instrumentation (detection in flow

injection analysis (FIA), high performance liquid chromatography (HPLC),

and capillary electrophoresis (CE); combinations with optical and microscopic

techniques).

– Adaptability to the principles of green analytical chemistry.

– Widely accessible educational tool for training and practicing of young analysts.

1.3.2 Drawbacks

– Relatively high knowledge required to understand principles and techniques, as

well as to interpret data.

– High susceptibility to matrix influences.

– Limited stability of detection/sensing units, requiring frequent (re)calibration.

– Complicated and time-consuming regeneration of some electrodes and

detectors.

6 I. Švancara and K. Kalcher



– Wide diversity of electrode materials, modifiers, and detection techniques dif-

fering principally in the properties and performance, thus needing certain

orientation.

– Discontinuity of measurement if low detection limits are required (typically, in

stripping analysis with pre-concentration).

– Limited application to multicomponent analyses.

– Frequent use of toxic and harmful materials or reagents.

– Particular need for well-trained operators/users.

Amongst electroanalysts, some points gathered in the above-given Pros & Cons—

and, especially, those described as disadvantages—may induce certain displeasure.

It is quite natural, but the authors of this text have compiled both surveys carefully

and being fully convinced about usefulness of such confrontation. Because even an

incidental polemics about the individual points seems to be beneficial as it would

indicate mainly the liveliness of the field that successfully “struggles for lengthy

decades” with other instrumental techniques.

1.4 Electrochemistry and Environmental Analysis

1.4.1 History and Present

First environmental focused analyses can surely be found already within the early

era of electrochemical measurements (see references (29, 38–40, 43) and references

therein); nevertheless, a more systematic orientation towards the environmental

samples began later, in the early 1970s of the twentieth century. In this context, the

most renowned groups (or even schools) were the teams of H.W. Nürnberg and

P. Valenta in Juelich (Germany) and M. Branica in Zagreb (Croatia). Later S. Van

den Berg’s group in Great Britain performed extensive—and, in overall scope,

unprecedented—marine environmental research, resulting, among others, in a wide

palette of ultimate methods for the determination of various metals and metallic

species in sea water (e.g., references (67–69) and references therein).

Of similar focus was the scientific interest of the Australian electrochemist

T.M. Florence,70 also known as the inventor of the in-situ plated mercury film

electrode, MFE,71 and of his successor, A.M. Bond.72,73 In the U.S., the use of

stripping voltammetry in environmental analysis and modern trends in electro-

chemical instrumentation as such were widely popularised by Joseph “Joe”

Wang74–76 whose legendary monograph from the mid-1980s28 still belongs

amongst the top texts in the field. Traditionally strong electrochemistry in the

former U.S.S.R also included some scientists active in environmental analysis,

such as Kh. Z. Brainina’s group.77,78

In Europe, H.W. Nürnberg79,80 had, together with M. Stoeppler,81 promoted the

establishment of a special multidisciplinary project, the “Environmental Specimen

Bank (ESB)”. Logistically and materially, the ESB program was realised in Juelich

1 Introduction to Electroanalysis of Environmental Samples 7



(Nord-Rhine Westphalia; see also Fig. 1.2) as a systematic collection of represen-

tative environmental samples, their long-time storage (for future generations), and

regular control analyses with the aid of AAS, neutron activation analysis, isotope

dilution-mass spectrometry, ion chromatography, and electrochemical techniques.

Stripping analysis was used to determine selected metals and metalloids;

namely: Zn, Cd, Pb, Cu, Tl, Ni, Co, As, and Se, by employing ASV, AdSV, PSA,

or CCSA (see references (82, 83) and references therein).

Nowadays, globally seen, many scientific teams and individuals focus research

on environmental analysis, such as in western,84–99 southern,100–104 northern11,98

and middle Europe including countries of former Yugoslavia. 33,51,105–116 In North

America, notable activities can be seen across the U.S.A., opening a number of new

attractive applications, thanks to a wide employment of chemically modified

electrodes,74,75,117 special flow systems for air analysis (e.g. reference (118)), or

decentralised monitoring with portable analysers.119–122 Interesting applications

can be traced up in Latin America; just to pick out a few of the many examples:

determination of electrochemically inert Li+ ions,123 highly sensitive detection of

HgII at a gold layer-based detector made of a recordable compact disc,124 or unusual

electroanalysis of non-aqueous samples of crude oil.125

Also in Africa, some representatives are involved in environmental analy-

sis,126,127 and the same can be said about the Near128–130 and the Far East,131–138

Fig. 1.2 Institute of Applied Physical Chemistry, the Reseach Centre Juelich, in the mid-1990s:

Environmental Specimen Bank (E.S.B.) in the front, research labs and offices in the back [photo by

the author (I. Svancara)]
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where the leading position is naturally held by highly populated China (see

e.g. reference (131) and references therein).

1.4.2 Main Topics

Undoubtedly, a discipline that includes the identification, quantification, and mon-

itoring of various species in the environment is also one of the largest areas of

electroanalysis (see e.g. references (28, 58, 67–83, 99, 119–122, 131, 139–176))

The key topics in environmental analysis and therefore also in electrochemical

environmental analysis as can be seen by corresponding review articles in the

literature are, apart from certain necessities, also subject to trends and collective

behaviours (see e.g. references (68, 70, 75, 77, 81, 140–146) and references

therein). In the following survey the most important analytes are summarised:

– Toxic heavy metals (mainly Cd, Pb, Cu, and Hg); usually at very low concen-

tration levels and determined by methods of trace analysis, occasionally also

with the aid of speciation analysis (e.g.: Cu2+ and [Cu(OH)m]
(m�n)�, Hg2+ and

[HgClm]
(m�n)� or HgII and Hg-CH3

+).

– Metals of strategic importance (Co, Ni, V, Mn, Cr, Mo, U); in wide concentra-

tion ranges, often, in complex matrices of waste waters or originally solid

materials; studied due to the occurrence at different valence (CoII vs. CoIII,

MnII vs. MnVII, CrIII vs. CrVI etc.).

– Highly toxic metals with less common occurrence (Tl, In, Ge, Be); monitored

mainly in heavily polluted industrial localities.

– Other metals frequently occurring in the environment (Fe, Al, Zn); in many

cases, studied via chemical speciation in aquatic systems (as hydrated ions [Me

(OH)m]
(m�n)�).

– Less common metals (Sb, Bi, Ti, Nb, Ta, and some rare earths of the Sc and Ac

groups); known as minor components of various electronics and industrial

catalysts.

– Precious metals (Au, Ag); the latter gaining a considerable attention in its new

nanoforms applicable as effective disinfectants151.

– Platinum metals (Ru, Rh, Pd, Os, Ir, Pt); a family of catalytically acting species

whose impact on the environment is not yet fully understood; see introduction

in reference (152) and the next section.

– Organometallic compounds containing Hg, Pb, Sn, and Bi; all occurring as both
naturally and industrially released species.

– Metalloids (As and Se); often as the subjects of interest in speciation analysis

(AsV, AsIII, As�III, and AsORG or SeIV and SeVI, respectively).

– Toxic and harmful anions, such as nitrogen-based ions (NO2
�, NO3

�, N3
�,

NH4
+, and N2H5

+), sulphur anions (SO4
2�, SO3

2�, S2�), phosphates (HPO4
2�,

[PO3]x, P
ORG); all being applied as fertilizers, industrial explosives, food addi-

tives, conserving or water-treatment agents.
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– Gases in air and dissolved in aquatic systems (O2, CO2, NH3) and gaseous

emissions from volcanoes, industry, cars, and firing processes (NOX, SO2, Cl2,

HCHO, etc.).

– Organic pollutants; namely: polyaromatic hydrocarbons (PAHs) with their NO2-

and NH2-derivatives, nitroso-amines, and similar potentially carcinogenic com-

pounds, herbicides and pesticides (halogenated aromates, organophosphates,

carbamides) and related formulations for agricultural use, synthetic dyes, or

industrially applied surfactants.

– Biologically important compounds; e.g., compounds of fluorine and iodine,

biogenic amines, some antioxidants or plasticizers (e.g. phthalates).

Electrochemical analyses can often be specifically tailored for special applica-

tions or uncommon matrices, such as quantification of selected metals in crude oil

and petroleum,125 analysis of industrial plating baths (see e.g. references (146,

147)), or physical characterisation and elemental analysis of solid minerals and

rocks.52,148 Among organic and biological compounds that have attracted attention

of environmental analysts in the recent years (see e.g. reference (150)), one can

name explosives in soil,177 newly defined groups of persistent organic pollutants

(POPs), including some new types of pesticides, volatile organic compounds

(VOCs), cytokinine-based plant hormones or cyanotoxins.153 Some other “new

analytes” of interest have come forth in environmental electroanalysis; mostly,

associated with the dynamic progress of new technologies and modern communi-

cation systems.33,120,149,150,178

During the last four decades, the objectives of environmental electroanalysis

have changed significantly. Whereas at the beginning the determination of (total)

elements as a laboratory method was in the foreground, this position is now held by

very potent multielement techniques, to mention in the first place inductively-

coupled plasma mass spectrometry (ICP-MS) which is also gradually replacing

less efficient methods, such as atomic absorption spectrometry (AAS). Neverthe-

less, electrochemical analysis still maintains a niche if its strengths are exploited to

its advantage: as a sensing device. The instruments can be made small and mobile,

so sensing of elements directly in the field at the point of interest may result in very

cost-effective strategies if decisions can be made ad hoc if a sample should be sent

to the laboratory for further analysis or if concentrations of noxious substances are

below a threshold not worth of further analysis.

Thus, the main strength of electroanalysis is not elemental analysis, but deter-

mination of various species, organic and inorganic compounds of toxicological,

environmental, and biological importance. The real future of electroanalysis is

sensing and detecting compounds which is with other methods difficult to achieve,

expensive or labour-intensive. As can be seen with the current literature already,

biosensors in all forms, but also other types of special or even specific detectors will

be in the central focus of research.

Environmental analysis and electroanalysis of the new millennium reflect also

some further trends. At first, there is still a growing influence of green chemistry,

resulting soon in the establishment of a new discipline, green analytical
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chemistry.119,154 In close association with the strictly ecological principles, the

2000s saw the rise of “mercuryphobia”,155 which is a phenomenon covering a

more intense monitoring of mercury(II) compounds in the environment and, mainly,

culminating in aversion against the use of liquid mercury-based electrodes, includ-

ing traditional configurations of the HMDE, DME, and MFE. It is indisputable that

the electroanalysts may miss these highly reliable and flexible detection tools, on the

other hand, the respective efforts to find alternate electrode materials have already

led to the notable achievements beneficial also for environmental analysis. Herein,

one has to quote the invention and a rapid expansion of bismuth-based electrodes

and related sensors156,179 that have been shown to be almost comparable substitutes

for the mercury counterparts in many applications while remaining environmentally

friendly or, at least, markedly less toxic than mercury and its compounds.

1.4.3 Sampling, Sample Storage, and Pretreatment

Sampling is one of the most crucial points in environmental analytical chemistry.

Most mistakes made in this phase cannot be eliminated by the analytical method

anymore. The main objectives are to avoid contamination on one hand, and loss of

analytes on the other.

Gases can be sampled by standardised procedures and apparatuses; gases them-

selves can be absorbed in liquids or adsorbed on solid tube-like supports. Particulate

matter in gases is precipitated either as a whole in electrofilters or other types of

precipitators, or can be fragmented according to particle sizes by cascade impactors.

Liquids/Solutions (mainly various types of water) have to be carefully sampled

to avoid contamination; e.g., early analyses of lead in ocean water showed too high

results because of contamination of sea water from the boat itself. Water samples

are usually filtered through membranes with 0.45 or 0.2 μm pore size to separate

liquid and particulate matter. Waters from greater depths are sampled with special

deep water sampling devices.

Soils from surfaces are sampled according to the specific top layers; they are usually

rather inhomogeneous and often separated into different components (roots, larger

stones etc.), homogenised and sieved. Soils from deeper layers are obtained by drilling,

where contamination by abrasion of the driller should be observed.

Biological samples may show strong individual variations of analytes due to

different dispositions and exposition conditions; apart from this it must be taken

into account that organs and even sub-structures of organs can vary strongly in their

composition. Such factors must be considered during sampling already. Animal and

plant tissues and fluids may suffer from metal contamination when being in contact

with metallic instruments; special cutting and operational tools are avail (e.g., from

quartz glass or pure titanium).

Storage is a crucial aspect for many samples, particularly when the analytes are

present at trace concentrations. The storage container materials must be chosen

carefully because they may be permeable for ions, gasses, and water; but also the
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surface may adsorb (loss of analyte) or desorb (contamination) constituents or

impurities of the material which may cause problems in ensuing analysis.

Biological materials can be stored at low temperatures; at �195 �C (liquid

nitrogen as used in specimen banks) or �70 �C (special laboratory freezers)

biodegradation processes due to enzymatic or microbial activity are at minimum

allowing storage times over years. A temperature around �20 �C (household

freezers) is sufficient for short storage times in domains of weeks and months,

whereas 4 �C permits only very short-termed storage (hours to a few days). Apart

from storage at low temperatures storage after drying is a common procedure;

drying can be achieved by elevated temperatures (80–120 �C) with the risk of

volatilization of analytes and disintegration of the organic matrix. Lyophilization

(“freeze-drying”) is often a good alternative.

Sample pretreatment is dependent on the objectives.161–167 For total element

determinations often the organic matrix of biological sample has to be destroyed by

oxidation, either by burning or treatment with excited oxygen (oxygen “plasma”,

dry ashing), or by strongly oxidising liquid agents (wet ashing; nitric acid,

perchloric acid, sulphuric acid, hydrogen peroxide).

For the determination of organic compounds or various forms of element

compounds (speciation analysis) the desired group(s) of analytes are usually iso-

lated by extraction (Soxhlet, solid phase, liquid–liquid) or by other separation

processes (ion exchange, electrophoresis, chromatography) prior to analysis.143

Insoluble inorganic environmental samples are dissolved either in acids or bases;

if they are still highly resistive to dissolution they are usually digested in various

types of molten salts.

1.4.4 Measurements with Electrochemical Sensors

Chemical sensors are simple devices with a more or less specific receptor for

the analyte (molecular or ionic recognition) which are yield information about the

chemical composition of samples. The chemical information obtained by the

receptor is converted into an electric signal by the transducer.180 Biosensors contain

a biological recognition element in the receptor, such as enzymes, nucleic acids,

antibodies, cell organelles, whole cells, tissues or even living microorganisms.181

Environmental samples can be a challenging analytical task because analytes, in

general, can be present at concentrations ranging from major to trace constituents.

Nevertheless, an overwhelming percentage of studies is dealing with the determi-

nation of traces of noxious substances, where the limit of detection can be the

crucial point. Measurements can be done discontinuously (“single shot” sensors or

repetitive measurements), continuously (over a short period, such as detectors in

flow systems) or permanently (over a long period).

An important issue is the calibration of sensors. Often the measured signal

depends on the history of use of the sensor as well as on its shelf rest-time.

Calibration with standards is a necessary issue in this respect. For validation of
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methods the use of certified reference materials (CRMs) is an essential prerequisite.

For many cases CRMs are not available with respect to analytes and/or matrix;

spiking the sample with analyte and determining recovery rates or the use of matrix-

matched standards being often an inadequate substitute for materials with certified

concentrations of the analyte.

1.5 Concluding Remarks

Electrochemical sensing devices may constitute good solutions to detect analytes of

interest with sufficient precision for numerous environmental samples. With respect

to elemental analysis in the laboratory it may be stated that apart from speciation

analysis (different oxidation states, complexes etc.) electroanalysis will play only a

supplementary role; particularly total element concentrations or isotopic variations

is the domain of mass spectrometry, where electrochemical methods often can

hardly compete with respect to sample throughput, multi-element determination

and detection limits. But, in this context, electrochemical sensors offer the advan-

tage of simplicity and portability combined with inexpensiveness of sensors and

instrumentation. The strength of analyses with electrochemical sensors lies defi-

nitely more in the area of analytical chemistry of molecules and species which are

not directly detectable with ICP-MS or only with sophisticated instrumentation such

as liquid chromatography in combination with various types of mass spectrometry.

Compared with optical sensors, electroanalytical devices and systems are simpler in

many cases because there is no need of a light source, and the signal is an electric

entity already (in most cases current or potential) which can be monitored very

precisely and can be handled as a direct output of the transducer. Electrochemical

sensors are ideal candidates for decentralized testing and screening, and can be easily

miniaturised and used simultaneously in arrays; for instance, like electronic noses

and tongues; see e.g. references (159, 182, 183) mimicking human sensing organs.
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58. Doležal J, Musil J (1977) Polarographic analysis of mineral resources (in Czech). SNTL,

Prague

59. Kalvoda R (ed) (1985) Electroanalysis of the environment (in Czech). SNTL, Prague

60. Neeb R, Henze G (1986) Electrochemical analysis (in German). Springer, Berlin

61. BraininaKZ,NeimanE, SlepuschkinVV (1988) Inverse electroanalyticalmethods (in Russian).

Chimiya, Moscow

62. Galus Z (1994) Fundamentals of electroanalytical chemistry (in Polish), 2nd edn. Polish

Scientific Publishers, Warsaw

63. Ion A, Banica FG (2002) Electrochemical methods in analytical chemistry (in Roumanian).

ARS Docendi, Bucharest

64. Jindra J (2009) History of electrochemistry in Czech lands, 1882–1989 (in Czech). Libri,

Prague
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66. Švancara I, Kalcher K, Walcarius A, Vytřas K (2012) Electroanalysis with carbon paste

electrodes. CRC Press, Boca Raton, FL

1 Introduction to Electroanalysis of Environmental Samples 15



67. Van den Berg CMG, Kramer JR (1979) Determination of complexing capacities of ligands in

natural waters and conditional stability constants of the copper complexes by means of

manganese dioxide. Anal Chim Acta 106:113–120

68. Achtenberg EP, Van den Berg CMG (1994) Automated voltammetric system for shipboard

metal speciation in sea water. Anal Chim Acta 284:463–471

69. Yang RJ, Van den Berg CMG (2009) Metal complexation by humic substances in seawater.

Environ Sci Technol 43:7192–7197

70. Florence TM (1989) Electrochemical techniques for trace element speciation in waters. In:

Batley GE (ed) Trace element speciation: analytical methods and problems. CRC Press, Boca

Raton, FL, pp 77–116

71. Florence TM (1970) Anodic stripping voltammetry with a glassy carbon electrode mercury-

plated in situ. J Electroanal Chem 27:273–278

72. Bond AM, Heritage ID, Thormann W (1986) Strategy for trace metal determination in

seawater by anodic stripping voltammetry using a computerized multitime-domain measure-

ment method. Anal Chem 58:1063–1066

73. Howell GN, O’Connor MJ, Bond AM (1986) Methylmercury generation in seawater by

transmethylation reactions of organolead and organotin compounds with inorganic mercury

as monitored by multi-nuclear magnetic resonance and electroanalytical techniques. Aust J

Chem 39:1167–1175

74. Wang J (1982) Anodic stripping voltammetry as an analytical tool. Environ Sci Technol

16:104A–109A

75. Wang J (2001) In-situ monitoring electrochemical sensors. In: Ghassemi A (ed) Handbook of

pollution control and waste minimization. M. Dekker, New York

76. Wang J (2007) Stripping-based electrochemical metal sensors for environmental monitoring.

In: Alegret A, Merkoci A (eds) Chemical sensors. Elsevier, Amsterdam

77. Brainina KZ, Malakhova NA, Stojko NY (2000) Stripping voltammetry in environmental and

food analysis. Fresenius J Anal Chem 368:307–325

78. Brainina KZ, Kubysheva IV, Miroshnikova EG et al (2001) Small-size sensors for in-field

stripping voltammetric analysis of water. Field Anal Chem Technol 1:260–271

79. Nurnberg HW (1977) Potentialities and applications of advanced polarographic and

voltammetric methods in environmental research and surveillance of toxic metals.

Electrochim Acta 22:935–949

80. Nurnberg HW (1979) Polarography and voltammetry in studies of toxic metals in man and his

environment. Sci Total Environ 12:35–60

81. Stoeppler M, Durbeck HW, Nurnberg HW (1982) Environmental specimen banking: a

challenge in trace analysis. Talanta 29:963–972

82. Ostapczuk P, Froning M (1992) Advanced electrochemical techniques for the determination

of heavy metals in specimen bank materials. In: Rossbach M, Schladot JD, Ostapczuk P (eds)

Specimen banking—environmental monitoring and modern analytical approaches. Springer,

Berlin, pp 153–165

83. Ostapczuk P (1993) Present potentials and limitations in the determination of trace elements

by potentiometric stripping analysis. Anal Chim Acta 273:35–40

84. Compton RG, Foord JS, Marken F (2003) Electroanalysis at diamond-like and doped-

diamond electrodes. Electroanalysis 15:1349–1363

85. Welch CW, Compton RG (2006) The use of nanoparticles in electroanalysis: a review. Anal

Bioanal Chem 384:601–619

86. Campbell FW, Compton RG (2010) The use of nanoparticles in electroanalysis: an updated

review. Anal Bioanal Chem 396:241–259

87. O’Connor KM, Arrigan DWM, Gy S (1995) Calixarenes in electroanalysis. Electroanalysis

7:205–215

88. Dempsey E, Smyth MR, Richardson DHS (1992) Application of lichen-modified carbon

paste electrodes to the voltammetric determination of metal ions in multielement and

speciation studies. Analyst (UK) 117:1467–1470
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116. Pižeta I, Branica M (1997) Simulation and fitting of anodic stripping voltammetry data for

determination of the metal complexing capacity. Anal Chim Acta 351:73–82

117. Murray RW, Ewing AG, Durst RA (1987) Chemically modified electrodes: molecular design

for electroanalysis. Anal Chem 59:A379–A390

118. Bonakdar M, Mottola HA (1989) Electrocatalysis at chemically modified electrodes. Detec-

tion/determination of redox gaseous species in continuous-flow systems. Anal Chim Acta

224:305–313

119. Wang J (2002) Real-time electrochemical monitoring: toward green analytical chemistry.

Acc Chem Res 35:811–816

120. Hart JP, Wring SA (1997) Recent developments in the design and application of screen-

printed electrochemical sensors for biomedical, environmental and industrial analyses.

Trends Anal Chem 16:89–103

121. Wang J (2002) Portable electrochemical systems. Trends Anal Chem 21:226–232

122. Hart JP, Wring SA (1994) Screen-printed voltammetric and amperometric electro-chemical

sensors for decentralized testing. Electroanalysis 6:617–624

123. Teixeira MFS, Bergamini MF, Bocchi N (2004) Lithium ions determination by selective

pre-concentration and differential pulse anodic stripping voltammetry using a carbon paste

electrode with a spinel-type manganese oxide. Talanta 62:603–609
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149. Namieśnik J (2003) Trends in environmental analytics and monitoring. In: New horizons and

challenges in environmental analysis and monitoring. CEEAM, Gdansk (Poland), pp 260–283
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172. Barek J, Fischer J, Navrátil T, Pecková K, Yosypchuk B, Zima J (2007) Nontraditional

electrode materials in environmental analysis of biologically active organic compounds.

Electroanalysis 19:1967–1986

173. De Marco R, Clarke G, Pejcic B (2007) Ion-selective electrode potentiometry in environ-

mental analysis. Electroanalysis 19:1987–2001

174. Badihi Mossberg M, Buchner V, Rishpon J (2007) Electrochemical biosensors for pollutants

in the environment. Electroanalysis 19:2015–2028
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Chapter 2

Soil

Kenneth A. Sudduth, Hak-Jin Kim, and Peter P. Motavalli

2.1 Introduction to Soil and Its Characteristics

The pedosphere is the total surficial layer of the earth that consists of soil and which

has complex and dynamic interactive linkages with the lithosphere, the hydro-

sphere, the biosphere, and the atmosphere1 (Fig. 2.1). Soil covers a large proportion

of the 149 million km2 global land area, but only an estimated 93 million km2 are

biologically productive containing approximately 33 % forest, 32 % pastures and

11 % crop land.2 Over the pedosphere, variations in soil properties with depth

and across landscapes can be accounted for by several interacting factors including

physical and chemical weathering, erosion and deposition, and human and natural

disturbances and result from the effects of the different factors of soil formation

which include parent material, climate, living organisms (e.g., vegetation), topog-

raphy and time.3,4 An example of the resulting spatial diversity existing in soils is

shown by the fact that the National Cooperative Soil Survey of the United States has

identified and mapped over 20,000 different kinds of soil in the United States

alone.5

Soils can be evaluated at different scales, from the molecular level of individual

soil components (e.g., soil clay mineralogy), to individual three-dimensional soil
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bodies (known as pedons), to large-scale soil toposequences and ultimately to

the pedosphere itself6 (Fig. 2.2). The appropriate tool for measurement of soil

properties at each of these scales of soil evaluation may vary (Fig. 2.2) and

may be affected by several factors including the objective of the evaluation,

technical capabilities for measurement, the observed spatial and temporal variabil-

ity, and cost.

New tools for assessment of soil physical, biological, and chemical properties

are critically needed to better understand the complex processes and spatial and

temporal variability that occur in soils at different scales and in interaction with

other biotic and abiotic components of terrestrial ecosystems. Increasing pressures

for food production, growing human populations, and accelerating environmental

degradation require improved soil management, including a better capability to

Fig. 2.1 Diagram illustrating the linkage and interactive processes of the pedosphere with other

important systems on earth (adapted from reference (1)); Earth images fromExploring Earth (http://

www.classzone.com/books/earth_science/terc/content/visualizations/es0102/es0102page01.cfm?

chapter_no¼visualization) and Utah State Office of Education (http://utahscience.oremjr.alpine.

k12.ut.us/sciber99/8th/earth/sciber/surface.htm)
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Fig. 2.2 The broad range

of scales at which soil

sensor-based evaluation

can take place and examples

of assessment procedures

used for evaluation at

each scale (adapted

from references (6, 7))
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more intensively monitor changes in soil properties and processes, to determine

how those changes may affect soil, water, and atmospheric systems, and to provide

information for decision-makers to select appropriate land use practices. Such

improvements may also require concomitant improvements in data quality control

procedures and innovative data management, analysis, and presentation techniques

for both short-term and long-term use of the collected soil and supporting

information.

2.2 The Unique Nature of Soils: A Heterogeneous,

Three Phase System

Soil is a diverse natural material that is characterized by solid, liquid, and gas

phases that give it unique chemical, physical, and biological properties. The

proportion of solids, liquids, and gases in the soil will vary depending on several

factors including the composition of the organic and inorganic constituents in the

soil and their physical spatial arrangement (i.e., soil structure). In the

U.S. Department of Agriculture classification system, the solid mineral components

in soil are categorized based on particle diameter into sand (0.50–2 mm), silt

(0.002–0.50 mm) and clay (<0.002 mm) particles.8 Other classification systems

for particle size limits may also be used from organizations such as the Canada Soil

Survey Committee (CSSC), the International Soil Science Society (ISSS), and the

American Society for Testing and Materials (ASTM).8 Organic and inorganic

colloidal material are defined to have particle sizes of <0.001 mm in diameter

and these size particles have particular importance environmentally because of their

relatively large surface area, charge, mobility, and role in biological activity.9

The inorganic components of soils include primary (e.g., quartz) and secondary

minerals (e.g., phyllosilicate clays) which are composed primarily of nine chemical

elements (i.e., oxygen, silicon, aluminium, iron, carbon, calcium, potassium,

sodium, and magnesium). An important characteristic of the secondary soil min-

erals is their high total surface area ranging from kaolinite with a specific surface

area of 7–30 m2 g�1 to montmorillonite with a specific surface area of 600–

800 m2 g�1. Soil organic matter is the organic fraction of the soil that includes

organic materials in all stages of decomposition, including a more stable complex

organic fraction known as soil humus. The soil organic matter is primarily com-

posed of carbon, hydrogen, oxygen, nitrogen, sulphur, and other elements that are

contained in organic materials (e.g., plant residues) that are added into the soil.

Surface charge develops on soil clays and organic matter due to cation sub-

stitutions in the crystalline structures of clay (resulting in permanent negative

charge) and loss or gain of hydrogen ions from functional groups of inorganic

soil minerals and organic matter with changes in soil pH (resulting in pH-dependent
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negative or positive charge). The presence of surface charge in soils is critical for

cation and anion exchange processes that allow for retention of ionic species on the

soil surfaces in equilibrium with ionic species in the soil solution contained in the

soil pores.

In soils, the individual mineral and organic particles often bind together to form

aggregates of various sizes ranging from 0.5 to 5 mm in diameter. Factors influenc-

ing aggregation include soil faunal (e.g., earthworms) and microbial (e.g., soil

fungi) activity producing extracellular polysaccharides and hyphae, root growth

and exudation, inorganic binding agents (e.g., calcium), and environmental vari-

ables (e.g., drying and wetting).10 Pores or voids formed due to the geometrical

packing of the individual soil particles are known as “intra-aggregate” pores and

voids formed by the physical arrangement of aggregates are known as “inter-

aggregate” pores.11 These pores are categorized by size into macropores

(>500 μm radius), coarse mesopores (25–500 μm radius), fine mesopores (5–

25 μm radius), and micropores (<5 μm radius).12 Other pore size limits have also

been used to distinguish micropores and macropores (e.g., reference (13)). Soil

organic matter can also contain pore space and surface area that facilitates the

retention of water. The distribution and continuity of these soil pores affect multiple

processes in soils including root growth and nutrient uptake, water infiltration,

drainage and storage, gaseous exchange in and out of the soil, and chemical

retention and transport. Porosity or the proportion of the soil pore volume to the

total soil volume is often approximately 50 % in soils (i.e., when the soil bulk

density is 1.3 Mg m�3).

The soil pore space itself is filled with varying proportions of gas and water

(known as the soil solution) and this environment provides ideal microhabitats for

soil biological activity, although the space occupied by living microorganisms

represents generally less than 5 % of the overall space in soils14 (Fig. 2.3). In

addition, almost 80–90 % of soil microorganisms are on solid surfaces. Among the

factors affecting the ecology, activity and population dynamics of soil microorgan-

isms in soil pores and on soil surfaces are the availability of carbon and energy

sources, the presence of mineral nutrients, the amount and potential of soil water,

temperature, pore air composition, pH of soil solution, soil oxidation–reduction

potential, the area and charge of soil surfaces, the genetics of the microorganisms

and the interaction among microorganisms and other soil biological components

(e.g., plant roots).14 Soil has a large and diverse biological population that includes

micro- and macro-fauna and flora. For example, the estimated number of bacterial

cells in a gram of soil is typically approximately 109 and based on DNA

reassociation kinetics, the estimated number of distinct genomes in a gram of soil

ranges from 2,000 to 18,000.15
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2.2.1 Interactions of Biological, Chemical,
and Physical Processes

Several important soil biological, chemical, and physical processes have major

effects on the environment and are important for understanding the basis for several

important environmental issues including air, soil, and water pollution, climate

change, and the fate of pollutants and other materials added to soil. The magnitude

and rate of many of these processes are affected by abiotic factors, such as

temperature, aeration, soil water content, and soil moisture potential.

2.2.1.1 Buffering

Buffering of soil moisture content and soil temperature relative to air temperature

and humidity make soil an ideal medium for plant growth and soil biological

activity. The retention of water in soil pores and water’s very high specific heat

capacity account for the relatively moderate changes in soil temperature compared

to changes in air temperature when a soil contains moisture. In addition, the large

soil surface area and pore size distribution (i.e., micropores tend to retain more water

than macropores) act to reduce soil water loss through evaporation and drainage.

Another type of buffering in soil moderates changes in the chemical composition

of the soil solution and ionic species retained on the exchange sites of soil colloids.

The process by which charged soil surfaces (i.e., clays, organic matter,

sesquioxides, and amorphous minerals) attract and retain ionic species from the

soil solution which is bathing the surface is known as adsorption. These sorbed

Fig. 2.3 Components and structure of a soil aggregate (adapted from reference (16))
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chemical species are retained at various strengths of retention depending on several

factors including the nature and charge of the surface functional groups and the

hydrated radius and charge of the sorbed species. These chemical species can also

form sparingly soluble precipitates on the soil surfaces. The combined processes of

adsorption and precipitation are known as sorption.

The interaction between sorbed chemical species on soil surfaces and chemical

species in the soil solution helps to moderate excessive changes in the chemical

concentration or activity of chemical species in the soil solution. For example, soil

pH is buffered because when H+ ion is added to the soil solution, some of the H+

will be sorbed on the soil surfaces and the possible soil pH decrease resulting from

that addition of H+ will be moderated. Similarly, if H+ is removed from the soil

solution, H+ (and Al+3) will be desorbed from the soil surfaces and the possible soil

pH increase due to H+ removal will be moderated. This chemical solid-solution

buffering system in soils affects multiple soil properties and processes including

plant nutrient availability, biological activity, and the fate of chemical pollutants.

Due to this chemical buffering system, measurement of soil reaction (acidity and

alkalinity) for purposes of determining the amount of liming or acidifying material

to raise or lower the soil pH for optimizing plant growth must measure both the soil

acidity in the soil solution and ‘exchangeable acidity’ or concentrations of H+ and

Al+3 on the exchange sites of the soil surfaces. Similar assessments for determining

the amount of phosphorus (P) fertilizer to add to a particular soil to raise the soil

solution P level to an optimum level for plant growth must also take into account the

soil’s P buffering capacity.

2.2.1.2 Filtering and Retention

The capacity of soils to filter and retain organic and inorganic pollutants is an

important ecosystem service or function of soils.17 The filtering process occurs

because of the interaction of physical, chemical, and biological processes in soils

and is optimized when organic and inorganic pollutants are exposed to soil surfaces

and biological activity. Therefore, preferential flow of pollutants through soil

channels or cracks, shallow soils, slow infiltration of polluted water into soil

causing surface runoff, and sandier-textured soils reduce the amount of potential

filtering and retention of pollutants. Optimizing soil filtration is a major objective in

the design of septic systems and pollutants from the sewage, such as human enteric

viruses, move through soils due to several factors such as rainfall, temperature, soil

structure, soil organic matter content, and soil pore water pH.18

2.2.1.3 Decomposition and Soil Organic Carbon Dynamics

Decomposition is the process by which organic materials are progressively disso-

ciated and ultimately can be converted into inorganic constituents. This process

serves two important ecosystems functions—the mineralization of carbon (C) (e.g.,
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from organic C to carbon dioxide) and other elements (e.g., from organic to

inorganic forms of nitrogen, phosphorus and sulphur), and the formation of soil

organic matter.19 Decomposition is also the primary process in the biodegradation

of pollutants20 and affects soil efflux of carbon dioxide into the atmosphere, which

is an important component of the global carbon balance affecting climate change.

The conversion of C and other elements to mineral forms is called mineralization,

and the reverse process by which inorganic forms are incorporated into organic

forms in microbial biomass is called immobilization.21

Decomposition is primarily a biological process that includes the activity of soil

organisms, but abiotic factors can also facilitate mass loss of organic materials

through fragmentation, physical abrasion, photochemical breakdown and

leaching.22 Among the factors affecting the degree and rate of decomposition are

the resource quality of the organic materials, the soil physical/chemical environ-

ment (e.g., soil water potentials, oxygen supply, temperature, soil texture and

mineralogy, pH) and the physical accessibility of the organic materials to microbial

and enzymatic breakdown.22–24 Due to the higher proportion of organic matter and

biological activity in the soil surface horizons, the highest rates of decomposition

most often occur in this zone.

Several factors influence soil organic C stabilization by affecting both plant

productivity and the activity of the saprotrophic system.25 These factors include soil

temperature, moisture, texture, pH, landscape position, ecosystem type, biological

activity, the physicochemical properties of soil organic fractions, soil structure,

nutrient availability, and clay mineralogy.24,26–29 A primary difficulty in assessing

the relative importance of these factors in stabilizing soil organic C is the interac-

tive nature of many of these variables. For example, among the effects of changes in

soil moisture are changes in biological activity, in chemical solubility and transport,

in plant productivity, and in soil temperature. The soil solid phase can adsorb

biological molecules, retain them from transport in the environment, and also

protect them from biological decomposition.14 In addition, loss mechanisms of

soil organic C are not confined to decomposition, but also include losses due to soil

erosion and leaching of dissolved organic C. These latter C loss processes may have

relatively greater significance than decomposition among some soils situated in

highly erosive or well-drained environments.

2.3 Importance of Soil Analysis

As a major component of terrestrial cycles, soils are a central component for many

important agricultural and environmental issues. Soil degradation is a growing

problem in the world while increased food production utilizing soil resources is

needed to meet a growing world population (Table 2.1). One estimate is that food

production will need to double in 30 years since the world’s population is expected

to reach 9.2 billion by 2050.31 However, approximately 25 % of all global land

resources have been highly degraded or trending to high degradation, resulting in
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reduced productivity and negative environmental consequences.32 Examples of soil

degradation include loss of soil organic matter, a decline in soil fertility and soil

structure, increased erosion, salinity, acidity or alkalinity and the effects of toxic

chemicals, pollutants, or excessive flooding.1

Society faces diverse environmental challenges that include soil resources and

their management as an important component of these challenges. Current soils-

related environmental issues that are being extensively researched include: biogeo-

chemical cycling of carbon and nutrient elements such as nitrogen and phosphorus;

the fate of trace elements and other inorganic and organic pollutants (e.g., pesti-

cides, biological agents, waste products, industrial chemicals) in soils; soil erosion

processes and impacts; soil greenhouse gas emissions; the impacts of climate

change on soil resources; and the effects of land use on soil, air, and water quality

in urban and rural areas in different regions of the world.

Table 2.1 Major soil and other resource degradation in different agricultural land use types in

developing countries (adapted from reference (30))

Land type On-site soil degradation

Other resource

degradation

Irrigated lands • Salinization and waterlogging

• Nutrient constraints under multiple cropping

• Biological degradation (reduced soil organic

matter, agrochemicals)

• Nutrient pollution

in ground/surface

water

• Pesticide pollution

• Water-borne

disease

• Water conflicts

High-quality

rain-fed lands

• Nutrient depletion

• Soil compaction and physical degradation

from overcultivation, machinery

• Acidification

• Removal of natural vegetation, perennials

• Soil erosion

• Biological degradation (reduced soil

organic matter, agrochemicals)

• Pesticide pollution

• Deforestation

Densely popu-

lated marginal

lands

• Soil erosion

• Soil fertility depletion

• Removal of natural vegetation, perennials

• Soil compaction, physical degradation from

overcultivation

• Acidification

• Loss of biodiversity

• Watershed

degradation

Extensively

managed

marginal lands

• Soil erosion from land clearing

• Soil erosion from crop/livestock production

• Soil nutrient depletion

• Weed infestation

• Biological degradation from topsoil removal

• Deforestation

• Loss of biodiversity

• Watershed

degradation

Urban and peri-

urban agricul-

tural lands

• Soil erosion from poor agricultural practices

• Soil contamination from urban pollutants

• Overgrazing and compaction

• Water pollution

• Air pollution

• Human disease

vectors
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2.4 Issues Related to Soil Assessment and Testing

Soil assessment for improving agricultural production has a long history of devel-

opment and, more recently, environmental soil testing has become a major focus of

effort to monitor and provide information related to environmental contamina-

tion.33 Other uses of soil assessment include geotechnical investigations to assess

physical properties of soils for foundations and earthworks and suitability for waste

treatment and drainage.

Soil testing could be defined as any physical, chemical, or biological measure-

ment that is performed on a soil, but for agricultural testing the definition of soil

testing has been broadened to include soil sampling and processing, soil analysis,

interpretation of the results, and management recommendations.34 Additional

important elements in modern soil testing programs have been the use of Global

Positioning System (GPS) technology to add geographic references to soil sample

information, communication of soil test results to soil testing clients and offering of

supporting information and decision tools through use of the World-Wide Web, and

improved storage and analysis of historical soil test databases. Environmental soil

testing has several of the same features as agricultural soil testing including that the

tests have to be rapid, accurate, and reproducible as well as provide some informa-

tion to interpret the results.33 However, environmental soil testing often follows

standardized procedures that may be officially sanctioned (e.g., by a national

agency such as the U.S. Environmental Protection Agency, see http://www.epa.

gov/ne/info/testmethods/) and accuracy and reproducibility are a greater priority for

agricultural soil testing, which often emphasizes rapid turn-around times and lower

cost procedures to allow agricultural managers to make timely decisions.

The development of state-based soil testing programs to support agriculture in

the United States relied on extensive research that assisted in the selection of

appropriate soil testing methods and extractants, correlated the results of soil tests

with plant production to allow for the interpretation of soil test results, and provided

field calibration to develop nutrient recommendations for plant production based on

soil test results. Several methods have been developed to analyse soil for important

soil physical, chemical, and biological properties that might affect agricultural

production and soil quality (Table 2.2).

2.4.1 Representative Sampling or Monitoring
with Spatial and Temporal Variation

Representative sampling or monitoring of the soil resource is a major component of

soil assessment since most soil samples or monitoring points provide information

on a small fraction of the total soil volume contained in a field and may only

represent certain locations and depths at a specific point in time. If the soil sampling

or monitoring strategy is not designed and conducted correctly based on the
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objectives of the soil testing effort and the nature of the targeted soil properties then

data and conclusions based on the soil test may be in error or misleading.

An example of an important sampling andmonitoring consideration is the selection

of the appropriate soil depth and soil depth increments for sampling and monitoring.

Table 2.2 Common soil properties measured and examples of methods used for agricultural and

soil quality assessments

Category Soil property Methods useda

Physical • Water content

• Bulk density

• Porosity

• Penetrability

• Wet aggregate stability

• Soil moisture potential

• Saturated hydraulic conductivity

• Particle size distribution

• Soil temperature

• Time domain reflectometry (TDR)

• Core or clod methods

• Calculation from particle and bulk densities

• Penetrometer resistance

• Wet-sieving method

• Tensiometer or pressure plates

• Constant head soil core

• Pipette method

• Thermocouple thermometry

Chemical • Soil reaction (acidity and alka-

linity)

• Oxidation-reduction status

• Soil salinity and sodicity

• Surface charge

• Soil organic matter

• Exchangeable cations

• Other plant nutrients

(e.g. nitrate)

• pH meter and exchangeable acidity

• Redox potential using probe and

meter

• Electrical conductivity and analysis for

sodium

• Sum of base cations plus

exchangeable acidity

• Total organic carbon by combustion

• Atomic absorption (AA) or

inductively-coupled plasma emission

(ICP) spectrometry

• Spectrophotometry

Biological • Microbial activity

• Microbial diversity

• Active organic carbon

• Nitrogen fixation

• Nitrogen mineralization

• Greenhouse gas flux

• Measure soil microbial respiration or

enzyme activity

• Polar lipid fatty acid analysis or

molecular biological techniques

• Potassium permanganate-oxidizable

carbon

• Acetylene reduction

• In-situ ion exchange resins or ex-situ

laboratory incubation

• Open chamber method and gas

chromatography
aMultiple methods are available for measurement of soil physical, chemical, and biological

properties and this table lists some examples of those methods. For more complete discussion of

methods of soil analysis, see the Methods of Soil Analysis series published by the Soil Science

Society of America
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A traditional approach in soil sampling for agricultural testing is to take soil samples to

the depth of cultivation (also known as the plow layer depth) which is approximately

15–20 cm with conventional tillage. However, the recommended depth for agricul-

tural assessment of soil nitrate nitrogen is deeper, with the preplant soil nitrogen test

often recommended to a depth of 60 cm and the pre-sidedress nitrate test (PSNT) to a

depth of 30 cm due to the more extensive movement of nitrate in the soil profile.

Environmental soil testing may require even deeper testing to determine possible

leaching and lateral movement of pollutants, but shallow sampling depths (e.g., 2.5–

5 cm) may also be employed in studies related to surface runoff and erosion.

Selected sample depth increments may provide additional information related to

vertical variation in soil resources and are often done in uniform increments through

the soil profile. Depending on the soil sampling or monitoring objectives, soil depth

locations may also be selected based on known morphological differences (i.e.,

location and width of soil horizons) since these horizons and their different prop-

erties may have environmental significance on several processes.

Increasingly for certain soil properties more intensive temporal sampling is

being sought to more accurately understand changes in those properties over time

due to changes caused by diurnal, seasonal, and disturbance effects. For example,

wider time intervals in sampling for assessment of cumulative soil surface green-

house gas (i.e., carbon dioxide, nitrous oxide, and methane) emissions either over-

or under-estimate these emissions compared to shorter time intervals, especially for

trace gases such as nitrous oxide.35

Similarly, more intensive spatial soil sampling over land areas is being utilized for

multiple objectives including precision agricultural management36 and for assessment

of the extent of environmental pollution.37 More intensive spatial soil sampling pro-

vides a better understanding of variations in soil properties across landscapes caused

by natural and anthropogenic processes, but the cost of sampling and analysis with the

larger number of samplesmaymake this approach cost-prohibitive and requires use of

more advanced geostatistical techniques (e.g., reference (38)).

Statistical design and analysis are important components of soil sampling and

evaluation, and therefore the selection of the statistical approach and the method for

statistical analysis are important to consider prior to sample collection. Fuller dis-

cussion of this topic can be found in several texts including references (39) and (40).

2.4.2 Selection of Soil Analytical Methods

The selection of analytical methods for determining soil properties may vary

depending on several factors including: the objectives of soil testing; the speed at

which the soil analysis must be done; where the soil analysis will occur (i.e., in the

field or laboratory); the native properties of the soil; whether the soil can be

disturbed; the cost and speed of the analysis; the accuracy and precision of the

method; any imposed requirements for standard testing and quality control pro-

cedures; the availability of information to interpret the analytical results; the
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training of the person doing the analysis; the availability of analytical equipment

and reagents; and the necessary time intervals between analyses. As analytical

technology and methods have progressed, the capacity and speed of analysis has

increased and more options have become available for non-destructive analytical

procedures (e.g., remote sensing and proximal sensor technology). These analytical

methods have also been linked with GPS and geographic information system (GIS)

technologies to geographically reference and store analytical information and

provide maps as a basis for management decisions, such as variable rate application

of fertilizers in agricultural fields. The possibility of linking the results of analytical

methods with other procedures (e.g., with interpretation and management steps)

may also influence the selection of a specific analytical method.

A key principle for selection of analytical procedures is to identify methods that

provide information on soil properties that are significant to the assessment or

management objective or application. For example, selection of an appropriate

chemical extractant for measuring plant-available nutrients is a critical element

for agricultural soil testing.41 As a basis of selection of the extractant, the amount of

nutrient element (e.g., phosphorus) extracted should have a significant correlation

with the amount of nutrient taken up by the plant or with crop performance over a

critical period of time, such as the growing season. An environmental testing

example is measurement of lead in soils to determine potential health hazards.

Total lead contained in the soil can be determined after acid digestion, but this

information would not be as significant to assessing the potential health hazard as

measuring the bioavailable fraction of lead in the soil through use of dilute acid- or

chelate-based soil test extractants.33

An associated consideration for selection of analytical methods is whether they

have been extensively tested for the specific application and, if it is a new proce-

dure, whether it has been compared to standard methods and incorporates quality

control (QC) procedures. Uniform use of extensively-tested methods and QC

allows for comparisons of data results collected across different studies and envi-

ronments over time.

2.4.3 Associated Measurements

The collection of associated measurements (e.g., soil water content, soil tempera-

ture, soil bulk density, soil classification) in addition to the primary soil test

assessment can provide valuable information for interpretation of the results as

well as other applications. For example, measurements of soil carbon including

total organic carbon and soil carbon fractions are often done on a weight basis, but

simulation modellers of soil carbon dynamics who wish to validate their models

may need the results on a volume or area basis. The measurement of soil bulk

density allows for conversion of the data results from a weight to volume basis and

vice versa. In addition, soil properties (e.g., biological properties) may be

influenced by changes in soil temperature and water content and, therefore, these

associated measurements are useful for understanding the observed results and

again may help in simulation modelling.
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2.4.4 Use of Soil Test Databases and Networks

Extensive soil testing information has been collected in the United States since the

1940s but maintenance of records of this information (referred to collectively as the

soil testing database) has improved with the spread of computer technology since

the 1970s.42 Private and public soil testing laboratories in the United States analyse

and provide recommendations for approximately 3–3.5 million soil samples annu-

ally, and therefore a large database of information is generated about soil condi-

tions. For agricultural soil test programs, information accompanying the samples

may include client information (e.g., name, address, telephone number), informa-

tion regarding the soil sample (e.g., type of sample, source of sample, previous

crop, previous fertilization, crop to be grown, and yield goal), results of soil or plant

analyses, and plant nutrient recommendations.

Traditionally, soil testing databases have been used to examine general trends in

soil nutrient levels on county, state, or regional scales and to assess the service

performance of the laboratory.42 This information can also be used by agricultural

extension personnel to determine the geographic effectiveness of their efforts at

promoting soil testing, identify priority issues, and to re-allocate extension

resources. The relative levels of soil plant nutrients among submitted samples can

also be evaluated within regions of a state or among states at the national scale, and

problems associated with nutrient deficiencies or excess can be identified. For

example, comparison of soil test phosphorus results among states has provided

information on issues related to regions with possible phosphorus deficiency for

crop growth but also on states where excessive soil test phosphorus may be an

environmental issue.43

Currently geographically referenced soil test information is also being generated

at a large-scale on agricultural land with the collection of sensor-based information,

such as soil apparent electrical conductivity, in support of precision agriculture

management practices. This soil test database is also being stored and could have

potential uses for improving long-term management and may have commercial and

research value for prediction of crop production and other uses, such as validation

of computer simulation models. In addition, large-scale environmental monitoring

networks (e.g., the Fluxnet network of sites examining exchanges of carbon dioxide

(CO2), water vapour, and energy between terrestrial ecosystems and the atmo-

sphere; see http://fluxnet.ornl.gov/introduction) are posing many different chal-

lenges for existing data management systems such as the transport, storage,

quality control and assurance, gap-filling and analysis of large sets of sensor-

generated environmental data.44

Properly curating and preserving soil test information and providing the appro-

priate metadata associated with the collected data is especially important for large

soil test datasets for which the information may have long-term value for preser-

vation. Therefore, procedures and policies associated with the collected soil test

database may need to be formulated prior to initiation of data collection to incor-

porate established ecoinformatics practices.45
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2.5 Application of Proximal Soil Sensors

Various sensing methodologies play a key role in soil analysis. Optical, radiomet-

ric, mechanical, electrochemical, and other methods are commonly used in standard

laboratory analyses. Some of these methods have been adapted for in-field proximal

soil sensing (PSS). Proximal soil sensing has been defined as the use of field-based

sensors to obtain signals from the soil when the sensor’s detector is in contact with

or close to (within 2 m) the soil.46 A comprehensive review of PSS methodologies

and applications was recently presented.47

Operation of PSS may be either stationary or mobile (“on-the-go”), and each of

these two sensor deployment models may present different advantages and disad-

vantages. Mobile sensors are best suited to providing spatially dense, although often

temporally sparse datasets. A major application of mobile PSS, as reviewed by

references (48, 49), is to generate the spatially dense data needed in precision

agriculture, where crop management inputs such as fertilizers and pesticides are

varied spatially according to within-variation in the need for the input. Sensor

response time is a key factor due to mobile operation, as are durability and

reliability with respect to machine vibration.

Stationary PSS are better able to provide temporally dense data; however, the

number of feasible sensing locations is often limited by the cost of multiple sensors

and data recording devices. Stationary PSS are often organized in sensor arrays or

networks, which may consist of multiple sensor types as well as multiple sensors of

the same type. Sensors may be arranged vertically in the soil profile to collect data

documenting fluxes from one depth to another or horizontally to provide some

degree of spatial coverage. Applications include monitoring temporal changes in

soil water content to control irrigation of crops50 and documenting soil changes at a

comprehensive ecological observatory site.51 Signal-to-noise issues may be a

concern if long leads are used in an attempt to connect sensors at multiple locations

to the same datalogger. Many newer sensor networks use wireless connectivity to

overcome this problem. Stability, durability, and long-term reliability under harsh

ambient conditions are important considerations, particularly if sensors are to be

deployed for extended periods of time.52

A key issue with application of soil sensors is the inherent heterogeneity of the

soil mass. In part, this heterogeneity is caused by the three-phase nature of the soil

and its significant biological component (see Sect. 2.2). Depending on the proper-

ties of interest, PSS data collection may need to be spatially dense, temporally

dense, or both. Soil heterogeneity can cause problems for electrochemical mea-

surements. One approach for dealing with heterogeneity is to measure the proper-

ties of interest in soil extracts.53 However, in cases where many sensor

measurements are needed to fully characterize the soil, the soil extract approach

may be infeasible. Then a detailed understanding of soil heterogeneity is needed for

optimal placement of stationary PSS or for developing deployment plans for mobile

PSS.51

2 Soil 37



Below we discuss applications of electrochemical sensors to soil analysis,

categorized by the type of measurement54: voltammetric, conductometric, or

potentiometric.

2.5.1 Voltammetric Methods

A particular application of voltammetric methods to soil analysis has been in the

detection of heavy metals. Heavy metals, unlike organic wastes, are

non-biodegradable and can accumulate in living tissues, causing various diseases

and disorders.55 High levels of toxic elements, such as cadmium (Cd), copper (Cu),

zinc (Zn), and lead (Pb) can be found in agricultural soils. They can also be found in

stream systems in and around abandoned metalliferous mines due to improper

disposal and management of mine wastes.56 Moreover, rapid industrialization has

become an additional source for environmental contamination by heavy metals,

which originates from metal plating, mining activities, and paint manufacture.

Therefore, monitoring heavy metal levels in the environment and food samples is

necessary to efficiently characterize the contaminated sites and minimize the

exposure of humans to heavy metal contaminated crops.

Inductively coupled argon plasma (ICP) spectrometry has been the most widely

used technique used for metal determination in the environment and food crops,

combined with wet or dry ashing procedures for digesting organic matter as a

sample pre-treatment process.57 Yet, such conventional methods are costly and

time consuming, thereby limiting the number of samples tested in the field. There-

fore, real-time, continuous analytical methods capable of detecting heavy metal

ions with high temporal and spatial resolution are desirable. Recent advances in

electronic technology have increased the potential for the development of portable

electrochemical sensors for in-field monitoring of heavy metals.58

Anodic stripping voltammetry (ASV), which involves preconcentration of a

metal phase, a solid electrode surface at negative potentials, and selective oxidation

of each metal phase species during an anodic potential sweep, has been considered a

powerful technique for detecting trace levels of heavy metals in aqueous samples

due to its remarkable sensitivity, fast response, and portability.58,59 Two basic

electrode systems, a mercury-film electrode and a hanging mercury drop electrode,

have been widely used in the development of ASV. Glassy carbon (GC) electrodes

have been commonly used with ASV to support the mercury film, because of their

wide potential window and low porosity.60 However, the use of mercury as an

electrode material, historically used in electrochemical methods of analysis for

determining Cd, Pb, Cu and Zn, has been recently limited in many countries due to

the toxicity of mercury itself, thereby requiring mercury-free electrodes59,61,62

(see Chap. 16). Several researchers have reported that bismuth, which is an envi-

ronmentally friendly element with very low toxicity, could be used as an alternative

to mercury for ASV analysis.59,63–65
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2.5.2 Conductometric Methods: Soil ECa

Electrical conductivity (or its mathematical inverse, resistivity) of a soil solution is

strongly correlated with total salt content. Therefore, laboratory methods involving

solution or saturated paste conductivity are often used to assess soil salinity.

Electrical conductivity measurements of bulk soil (designated as ECa for apparent

electrical conductivity) were also first used to assess salinity.66 Resistivity and

conductivity measurements are also useful for estimating other soil properties, as

reviewed by67 and.68 Factors that influence ECa include soil salinity, clay content

and cation exchange capacity (CEC), clay mineralogy, soil pore size and distribu-

tion, soil moisture content, and temperature.69,70 For saline soils, most of the

variation in ECa can be related to salt concentration.71 In non-saline soils, conduc-

tivity variations are primarily a function of soil texture, moisture content, bulk

density, and CEC.68 The theoretical basis for the relationship between ECa and soil

physical properties has been described by a model where ECa was a function of soil

water content (both the mobile and immobile fractions), the electrical conductivity

of the soil water, soil bulk density, and the electrical conductivity of the soil solid

phase.72 Later, this model was used to predict the expected correlation structure

between ECa data and multiple soil properties.73

Because ECa is a function of a number of soil properties, ECa measurements can

be used to provide indirect measures of these properties if the effects of other soil

properties on the ECa measurement are known or can be estimated. In some

situations, the contribution of within-field changes in one factor will be large

enough with respect to variation in the other factors that ECa can be calibrated as

a direct measurement of that dominant factor. This direct calibration approach was

used to quantify within-field variations in soil salinity under uniform management

and where water content, bulk density, and other soil properties were “reasonably

homogeneous”.74 In addition, ECa can be calibrated to the thickness of soil layers

with contrasting conductivities. Examples include ECa regressions for the depth of

flood-induced sand deposition75 and for topsoil depth (TD) above a subsoil argillic

horizon.76–79

Researchers have related ECa to a number of different soil properties either

within individual fields or across closely related soil landscapes. Examples include

soil moisture,80,81 clay content,82 and CEC and exchangeable Ca and Mg.83 Map-

ping of areas of differing soil texture75 and soil type84 have also been reported. In a

project relating ECa to multiple soil properties across a number of locations in the

north-central USA, the strongest and most consistent relationships were with clay

content.78,85 When ECa was evaluated for delineating a number of soil physical,

chemical, and biological properties related to yield and ecological potential it was

found useful for delimiting distinct zones of soil condition.86 Although many soil

factors affecting ECa are relatively fixed over time (e.g., clay content), others may

exhibit strong seasonal dynamics. For example, a time sequence of ECa maps was

related to temporal changes in available soil nitrogen,87 suggesting that it might be

possible to use ECa measurements as an indicator of soluble nitrogen gains and
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losses in the soil over time. Because soil ECa integrates texture and moisture

availability, two characteristics that both vary over the landscape and also affect

productivity, ECa sensing also shows promise in interpreting crop yield variations,

at least in certain soils (e.g., reference (88)).

Soil ECa has been used to assess soil environmental susceptibility. For example,

ECa was used as an estimator of the partitioning of a triazine herbicide between the

soil and soil solution, which could allow mapping soil susceptibility to leaching of

the herbicide.89 Other researchers have applied ECa data for measuring and map-

ping contaminant plumes, including seepage from animal waste lagoons90 and

industrial waste landfill leachate.91

2.5.2.1 Soil Conductivity Sensors

Two types of mobile, proximal ECa sensors are commercially available for soil

investigations, an electrode-based electrical resistivity (ER) sensor requiring soil

contact and a non-contact electromagnetic induction (EMI) sensor. In the EMI

approach, nominal measurement depth depends on coil orientation and operating

frequency of the instrument, and is also proportional to the spacing between the

coils of the sensor.69 Most EMI instruments used for soil investigation operate at a

single frequency; however, many allow multiple measurements by reorienting the

sensor, or through the inclusion of multiple receiver coils. An EMI-based ECa

sensor widely used for soil investigation is the EM38 (Geonics Limited, Missis-

sauga, Ontario, Canada), which was initially developed for root-zone salinity

assessment.92 The EM38 is a lightweight bar designed to be carried by hand and

provide stationary ECa readings. It can be operated in two orientations, providing

effective measurement depths of approximately 1.5 and 0.75 m. A newer version

(EM38-MK2) has multiple receiver coils, and provides simultaneous measurements

at two depths. To implement mobile data acquisition, it is necessary for the user

to assemble a transport mechanism and data collection system (e.g., references

77 and 93). The EMI approach is also used by the DUALEM sensors (Dualem, Inc.,

Milton, Ontario, Canada) which provide two or more simultaneous measurements

through multiple receiver coils.

The ER sensing approach generally requires a minimum of four electrodes in

direct contact with the soil, two to inject an electrical current and two others across

which a voltage potential is measured. The measurement depth depends on the

spacing between the electrodes. In an early implementation, ECa was measured

with a four-electrode sensor and used to create maps of soil salinity variations in a

field.94 Later, a version of the electrode-based sensor was tractor-mounted for

mobile, georeferenced measurements of ECa.
95 Several commercial sensors

implementing the electrode-based approach are manufactured by Veris Technolo-

gies, Salina, Kansas, USA. Smaller models use four rolling coulters for electrodes

and provide a single measurement, while larger models use six rolling coulters

and provide two simultaneous ECa measurements.96 Another system, called

GEOPHILUS ELECTRICUS, provides five simultaneous measurements.97
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Operational advantages and disadvantages of each type of commercial proximal

ECa sensor have been summarized.78 In addition to the widely used proximal ECa

sensors, there are also commercial penetrometer-based ECa sensors that allow

direct measurement of ECa as a function of depth.98,99

2.5.3 Potentiometric Methods: Ion-Selective Electrodes

Most of the potentiometric methods employed in soil analysis are based on the use

of an ion-selective electrode (ISE) with glass or a polymer membrane, or an

ion-selective field effect transistor (ISFET). The ISFET has the same theoretical

basis as the ISE, i.e., both ISEs and ISFETs respond selectively to a particular ion in

solution according to a logarithmic relationship between the ionic activity and

electric potential. The ISEs and ISFETs require recognition elements, i.e.,

ion-selective membranes, which are integrated with a reference electrode and

enable the chemical response (ion concentration) to be converted into an electrical

potential signal.100 Due to an increased demand for the measurement of new ions,

and major advances in the electronic technology required for producing multiple

channel ISFETs, numerous ion-selective membranes have been developed in many

areas of applied analytical chemistry, e.g., in the analysis of clinical or environ-

mental samples.101

2.5.3.1 Issues in ISE/ISFET Application

There are several potential disadvantages of ISE/ISFET sensors, as compared to

standard analytical methods. One is chemical interference by other ions, because

ion-selective electrodes are not truly specific but respond more or less to a variety of

interfering ions. To overcome interference issues, various data processing methods

have been used. For example, multivariate calibration models have been proposed

to allow cross responses arising from primary and interfering ions to be decoupled,

thus allowing accurate determination of individual ion concentrations within mix-

tures.102 In some cases, another compound can be added to suppress the interfer-

ence effect. For example, Ag2SO4 can be used to suppress the chloride interference

in nitrate sensing.103

Another disadvantage is degraded performance over time due to ambient envi-

ronmental conditions. For example, accuracy can be reduced due to electrode

response drift and biofilm accumulation caused by the presence of organic materials

and soil microbial activity in environmental samples.104 In particular, signal drift

and biofilm accumulation may be a major concern when considering an in-line

management system that includes continuous immersion of ISEs in solution.

Particularly for in-situ applications, poor soil-electrode contact is a concern.

Although good contact may be attained during installation, the range of environ-

mental conditions encountered during operation, including soil moisture variations
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and associated shrinking and swelling of the soil mass, may make it difficult to

maintain the required contact. Also, the general challenges associated with envi-

ronmental sensor measurements must be considered. Temperature variations,

excessive moisture, electromagnetic interference, and susceptibility to damage

are some of the factors that are more likely to affect field sensor measurements

than laboratory measurements.

Application of ISE technology to real-time soil sensing requires continuous

determination of individual ion concentrations with acceptable sensitivity and

stability. In general, stability and repeatability of response are a concern in the

use of an array of multiple ISEs to measure ion concentrations in a series of samples

because accuracy of the measurement may be limited by drift in electrode potential

over time. The use of a computer-based automatic measurement system would

improve accuracy and precision because consistent control of sample preparation,

sensor calibration, and data collection can reduce variability among multiple

electrodes during replicate measurements.105 Ideally, an automated sensing system

would be able to periodically calibrate and rinse the electrodes and continuously

measure ions of interest in the solution, while automatically introducing solutions

for calibration and rinsing as well as measurement.

2.5.3.2 Application: Soil Nutrient Sensing

The soil macronutrients, nitrogen (N), phosphorus (P), and potassium (K), are

essential for crop growth, and the use of commercial N, P, and K fertilizers has

contributed greatly to the increased yield of agricultural crops. However, excessive

fertilizer applications can lead to environmental contamination, primarily of sur-

face and ground waters.106 Ideally, fertilizer application should be adjusted to

match the requirements for optimum crop production at each within-field location,

because there can be high spatial variability in the N, P, and K levels found within

fields.107,108

To quantify soil nutrient (i.e., N, P, and K) levels at the spatial scale needed for

within-field measurements, on-the-go real-time sensors present an attractive alter-

native to current manual and/or laboratory methods.109,110 Mobile sensors could

provide measurements at a high spatial density and relatively low cost,48 and with

an overall accuracy potentially higher than that of conventional methods. This

occurs because there are two sources of error in soil testing—analysis error due

to sub-sampling and analytical determination, and sampling error due to point-to-

point variation in soils. With traditional soil testing, analysis error is relatively low;

however, sampling error can be substantial since cost limits the sampling intensity.

Mobile sensors can provide a spatial sampling intensity several orders of magnitude

greater than traditional methods. Therefore, a mobile real-time soil sensor can

tolerate much higher analysis errors while providing greater overall accuracy in

mapping soil variability. Reviews of soil nutrient sensing by ISE and other methods

have been presented.111,112
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2.5.3.3 Nitrate, Potassium, and Phosphate Membranes and Electrodes

Numerous nitrate ion-selective membranes (Table 2.3) have been described for

various environmental applications, such as food, plants, fertilizer, soil, and waste-

water. Overall, best results were obtained with PVC ion-selective membranes

prepared with quaternary ammonium compounds, such as TDDA or MTDA as

the sensing element. These membranes were able to determine nitrate across the

concentration range important for N fertilizer application management, i.e.,

10 ~ 30 mg kg�1 NO3. The best membranes also maintained acceptable selectivity

levels in mixed solutions, being at least 40 times more sensitive to nitrate than to

chloride and bicarbonate.

Valinomycin-based membranes (Table 2.4) have been the predominant choice

for potassium sensing in soil and other environmental samples. Considerable

research effort has focused on improving the adhesion of the PVC membrane to

extend the consistent sensitivity period, and thus, the lifetime of the electrode.

Valinomycin ionophores have exhibited strong K selectivity and sensitivity suffi-

cient to quantify variations in the typical range in soil K where additional fertilizer

is recommended.111

The design of an ionophore for selective recognition of phosphate has been

especially challenging for several reasons. Due to the very high hydration energy of

phosphate, ion selective membranes have a very poor selectivity for phosphate. The

free energy of the phosphate species is very small and the large size of orthophos-

phate ions prohibits the use of size-exclusion principles for increased selectivity.

Reviews111,113,128 report work on various phosphate sensors, including polymer

membranes based on organotin, cyclic polyamine, or uranyl salophene derivatives;

protein-based biosensors; and cobalt-based electrodes (Table 2.5). A recurring

problem has been the low selectivity response of such membranes toward many

anions that may be present in the soil. At present, the best alternative appears to be

the solid cobalt electrode, which has exhibited sufficient sensitivity, selectivity, and

durability to provide a quantitative measure of phosphates in soil extracts.141,144,145

2.5.3.4 Laboratory Prototype Systems for Soil Nutrient Sensing

Ion selective electrodes have historically been used in soil testing laboratories to

conduct standard chemical soil tests, especially soil pH measurement. Many

researchers in the 1970s and 1980s concentrated on the suitability of ISEs as an

alternative to routine soil nitrate testing. More recently, researchers whose end goal

was a mobile macronutrient sensing system have reported on laboratory tests of

components of such systems.

Nitrate and potassium ion-selective electrodes have been evaluated for use in

moistened soils as opposed to soil extracts.146 Soluble nitrate and K content of

moist soil samples could be determined in the laboratory (r2¼ 0.56 ~ 0.94) if

several limitations such as inconsistent contact between soil and electrode and
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potential drift due to continuous measurements were addressed. Plant-available K

of 32 agricultural soils as determined by two ISEs (glass and PVC-based) was

highly correlated with values from standard laboratory analysis.147

A multi-ISFET sensor chip was used to measure soil nitrate in a flow injection

analysis (FIA) system using low flow rates, short injection times, and rapid rins-

ing114,148 (Fig. 2.4). The multi-ISFET/FIA system successfully estimated soil

nitrate-N content in manually prepared soil extracts (r2> 0.90) while allowing

samples to be analyzed within 1.25 s with sample flow rates less than 0.2 mL s�1.

Later, a rapid extraction system was designed for in-field real-time measurement of

soil nitrates using these ISFETs.149 Several design parameters affecting nitrate

extraction were studied. Nitrate concentration could be determined 2–5 s after

injection of the extracting solution when using data descriptors based on the peak

and slope of the ISFET nitrate response curve.

A sensor array including three different ISEs based on TDDA-NPOE and

valinomycin-DOS membranes and cobalt rod was evaluated using an automated

test stand (Fig. 2.5) to simultaneously determine NO3-N, available K, and available

P in Kelowna-soil extracts.150 The nitrate ISE in conjunction with the Kelowna

extractant103 provided results in close agreement with the standard method.

Kelowna-K ISE concentrations were about 50 % lower than those obtained with

the standard method due to decreased K extraction by the Kelowna solution. Soil P

concentrations obtained with the Kelowna extractant and cobalt P ISEs were about

64 % lower than those obtained by the standard method due both to a lower P

extraction by the Kelowna solution, and to lower estimates of P concentrations in

the extracts by the cobalt P ISEs. Although P and K concentrations were low, a

calibration factor could address this issue because there was a linear relationship

between ISE and standard methods (r2¼ 0.81 and 0.82 for P and K, respectively). In

further evaluation of this system, it was possible to transfer existing calibration

equations to new membranes and electrodes.151 An adjustment for the difference in

Fig. 2.4 Scheme of an ion-selective field effect transistor (ISFET)—flow injection analysis (FIA)

system.111 The soil extract sample, calibration, and base solutions are sequentially introduced

through a flow injection line system with multiple inlets, and are transported to a multi-ISFET chip

with outputs that continuously change due to the passage of the sample through the flow cell
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extraction efficiency between Kelowna and standard extractants yielded linear

relationships with near 1:1 slopes between estimates and actual soil N and K values.

However, a relatively large offset between calibrated ISE and standard method

concentrations for P was said to require further investigation.

2.5.3.5 Field-Mobile Soil Nutrient Sensors

Beginning in the early 1990s, several prototype real-time on-the-go soil nutrient

sensing systems were developed using custom-designed soil samplers and commer-

cially available ion-selective electrodes for sensing nitrate and pH in soils. In a

laboratory study nitrate level was estimated by ISE with 95 % accuracy after 6 s of

measurement.152 However, a follow-up study where the ISE was integrated into a

tractor-mounted system for field measurement encountered several mechanical and

electrical problems.153 The functionality of this automated soil sampler was later

improved and evaluated with comprehensive performance testing conducted in five

fields. There was strong agreement between measurements of soil nitrate by the

extraction system and by standard laboratory instruments (slope¼ 1.0, r2¼ 0.94).110

An automated sampling system for soil pH by direct soil measurement (DSM)

was based on a flat-surface combination pH electrode in direct contact with moist

soil collected by the sampling system.154 There was a high correlation between the

electrode voltage output and soil pH in the laboratory and field (r2¼ 0.92 and 0.83,

respectively). The system could measure pH while taking soil samples at a

pre-selected depth between 0 and 20 cm every 8 s. Based on these results, a

Fig. 2.5 Schematic diagram of a test stand for multiple electrode tests151
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commercial soil pH mapping system was developed by Veris Technologies, Salina,

Kansas, USA.155 Sensor-based mapping of soil pH provided improved accuracy of

lime prescription maps156 and was used to plan variable-rate liming for eight

production fields.157 In this study a field-specific bias in overall error estimates of

0.4 pH units or greater could be reduced to less than 0.3 pH units through site-

specific calibration. Additional tests of the same commercial mobile soil pH system

on two fields, one with a uniform soil and the other with six different soil types,

showed that the real-time system provided more accurate estimates at the 0–7.5 cm

depth (r2¼ 0.75–0.83) than at the 7.5–15 cm depth (r2¼ 0.53–0.79).158 In addition,

the inclusion of ECa as a covariable improved pH estimates in the field with six

different soil types, but not the uniform field.

The DSM approach was investigated for soil K, NO3, and Na as well as pH, but

good results were only obtained for pH.159 The reason for decreased accuracy for K,

NO3, and Na was hypothesized to be a lower level of variability of the sensed

properties in the soil samples tested. Another approach was the agitated soil

measurement (ASM)-based integrated system that placed ISEs into a suspension

of soil and water.160,161 The effects of various measurement parameters on sensor

performance were investigated and the system was evaluated for on-the-go map-

ping of soil pH, soluble K, and residual NO3 under laboratory conditions. Calibra-

tion parameters were stable during each test for pH and K electrodes. However,

significant drift was observed for the NO3 electrode. Both accuracy and precision

errors were low with good correlations to the reference measurements

(r2¼ 0.67 ~ 0.98 for means).

2.6 Future Outlook and Considerations

Soil sensing is an area of considerable research interest and activity, as documented

in numerous recent reviews.47,111,112,162 In addition to developments in the sensors

themselves, other related advancements are helping further the application of PSS.

For example, the ability to extract useful information from the large spatial datasets

generated by mobile PSS has improved because of advances in mathematical and

statistical methods. Improved electronics and imbedded computer technology,

made possible by advancements in the consumer and automotive sectors, have

made it possible to readily control and obtain data from sensors. Wireless data

transfer from mobile PSS and wireless sensor networks for stationary PSS are now

available to facilitate more seamless integration of PSS data with other measure-

ments, computer models, and expert interpretation. These advances in data han-

dling are particularly important when PSS data are combined for analysis across

multiple sites, whether for integrated soil nutrient management across fields and

farms, or to evaluate environmental changes across a network such as the National

Ecological Observatory Network (NEON) in the USA.51 Each PSS application will

require consideration of particular issues. Below we discuss in detail the specific

application of soil nutrient sensing.
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2.6.1 Considerations in Soil Nutrient Sensing

Soil nutrient sensing is one area where the application of electrochemical sensing

technology would seem to be relatively straightforward. As discussed earlier in this

chapter, progress has been made on developing ion-selective elements for soil

macronutrients. However, automation of the process of obtaining a representative

soil sample and creating an extract for analysis requires further work. Approaches

that circumvent this step and directly place ISEs in contact with moist soil have

generally been unsuccessful except for soil pH. Other ways to increase accuracy,

such as sensor fusion (discussed below), may hold promise. Sensor measurements

must also be considered within the context of the overall nutrient management

system. System issues include how well the sensed value can be calibrated against

plant response to applied nutrients and how that information can be integrated into

an intelligent fertilizer application system.

2.6.1.1 Sensor Fusion

There are several limitations to current on-the-go nutrient sensing systems.

Although electrochemical systems can directly measure soil nutrient levels, there

are implementation issues. Direct electrochemical measurement of moist soil, while

shown to be viable for pH and perhaps nitrate, seems to be less feasible for the other

soil macronutrients. Thus, a complex set of steps is generally needed to acquire a

sample from the field, create a soil slurry or extract, and then complete the

measurement. Spectroscopic sensing,111 while less invasive, generally measures

soil nutrients indirectly, through correlations with other soil properties. Thus, local

calibrations are generally necessary and results have been of variable accuracy.

One potential approach for improved accuracy is sensor fusion, whereby read-

ings from multiple, functionally different sensors are combined to estimate the soil

properties of interest. For example, a commercial mobile sensor platform163

(Fig. 2.6) combined the soil pH sensing system described in reference (155) with

soil apparent electrical conductivity (ECa) sensing. As ECa provides a strong

indication of soil texture variations,86 the combination of the pH and ECa data

was useful for establishing lime requirements. An NIR reflectance sensor was later

added to this multi-sensor platform.164

In a laboratory-based example of sensor fusion, both ISE and spectral reflectance

data were obtained for 37 surface soil samples from the US states of Missouri and

Illinois.165 Although ISE estimates of P and K were of good accuracy (r2� 0.87),

they were further improved (r2� 0.95) by including both ISE and spectral data in

the calibration model. The authors attributed the increased accuracy to the ability of

the spectral data to provide an estimate of soil texture.
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2.6.1.2 Sensor Calibration

Widespread adoption of on-the-go soil nutrient sensing may be somewhat limited

by the degree to which precise sampling and rapid extraction of the macronutrients

in the sample can be achieved in a real-time system. Because extraction efficiency

is strongly affected by the extraction time and because the time required for

complete extraction may not be feasible in a real-time system, this approach may

provide different results as compared to traditional soil testing methods. In this

regard, research will be needed to calibrate sensor-based nutrient measurements

against plant nutrient response, so that agronomists and growers gain confidence in

the applicability of the new methods. Such a calibration might be implemented in

the same way that past calibrations to standard laboratory measurements were

developed. However, this process would require numerous field experiments with

different crops and soil types. An alternative method, whereby sensor measure-

ments were directly calibrated to laboratory nutrient measurements across a broad

range of conditions, might be preferable. Although the calibration to plant response

would be an indirect one with this approach, it would be considerably less costly

and time-consuming.

Fig. 2.6 Commercial sensor system integrating soil electrical conductivity and pH mapping

(Veris pH manager, Veris Technologies, Salina, Kansas, USA)
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2.6.1.3 Integration with Fertilizer Application Equipment

Control decisions for variable rate application can be implemented either on-line or

off-line. In the on-line, or sensor-based approach, the controlled equipment incor-

porates onboard sensors and the sensor data are used immediately for automatic

control. In the off-line, or map-based approach, data are collected and stored in one

operation, and the controlled equipment uses the information in a separate field

operation. The map-based approach allows more flexibility in data manipulation

and pre-processing but requires multiple field operations. Most systems currently

available are map-based, but more on-line systems will likely become available as

real-time sensing technologies become more mature. Hybrid systems which rely on

a combination of both mapped and real-time data may also come into more

widespread use.

Development and implementation of a variable-rate application system presents

a number of engineering challenges. Physical connectivity and data flow in such a

system can be quite complex (Fig. 2.7). The general system consists of both office

tasks and vehicle tasks. Office tasks include interpreting input data, developing

management plans, and determining application rate maps. Vehicle tasks include

using these application rate maps in conjunction with onboard sensors and actuators

to apply fertilizer, chemicals, or inputs in the field, along with any real-time sensing

that may be employed. In any given system, the elements shown in this general

schematic (Fig. 2.7) may not be present. For example, a system may or may not

Office Computer and
Mapping Software

Off-line Data
  soil sample analysis
  soil type
  past yields
  etc.

VRT Application Rate
Processor

Desired Application
Rate Map

Actual Application
Rate Map

Interface

Other On-line Sensors
   soil properties
   weed detection
   etc.

Position (GPS)

Ground Speed

Interface

 Spatial Data Analyst,
Innovative Producer or
Consulting Agronomist

Operator

Application
Controller

Variable-Rate
Applicator for Seeds,
Fertilizer, Chemicals,

or Water

Data Interpretation,
Management Planning,
Determining Application

Rates (Office Tasks)

In-Field Variable-Rate
Application Control

(Vehicle Tasks)

Actuators and Sensors

Fig. 2.7 Generalized schematic of data flow in a variable-rate application system
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include on-line sensors and may or may not generate an actual application rate map.

It is worth noting that the information to drive a map-based system could also come

from on-the-go sensor measurements. Decoupling the sensing and application

operations might make sense if sensor operating requirements, such as a long

delay time for sensing nutrient levels in a soil extract, precluded sensing and

application in the same operation.
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Chapter 3

Water

Eduardo Pinilla Gil

3.1 Introduction

Water is a key matrix to understand and manage environmental phenomena,

e.g. pollutant dynamics, geochemical processes or climate studies. Moreover, an

adequate supply of good-quality water is a strategic resource for human develop-

ment and well-being. In this context, accurate and representative analytical infor-

mation about chemical composition of water is essential for correct assessment,

interpretation, and solving of environmental problems. Whereas standardised,

lab-based analytical methodologies are still dominant in water analysis, chemical

sensors and particularly electrochemical sensors are growing as advantageous

alternatives to develop simplified and miniaturised analytical tools applicable for

flexible, decentralised measurements capable of providing improved spatial and

temporal data resolution that is essential in environmental monitoring. In this

chapter, we’ll discuss first the fundamental aspects of environmental water chem-

istry and how this chemistry is linked to relevant chemical substances most often

analysed in the context of environmental studies, with special attention to pollut-

ants. Then, we’ll summarise main concepts about environmental water analysis

with special focus on methodological aspects. Finally, we’ll discuss the use of

electrochemical sensors for water analysis, including the present status and future

prospects about the application of electroanalytical sensing approaches to water

component determination and speciation, including relevant inorganic, organome-

tallic and organic substances.
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3.2 Water Chemistry: Environmental Relevance

3.2.1 Chemical Processes in Ambient Water

Water, as the universal solvent in the environment, can dissolve in some extent

virtually all organic and inorganic substances, but it can also sweep along liquid

droplets, coarse and fine particulates, microorganisms and other biological entities.

This results in a complex composition that is affected by a dynamic mix of

physicochemical and biological interactions. A detailed knowledge of these inter-

actions is advisable for proper development and application of sensor-based ana-

lytical methods in this media. Not only water body processes are to be considered,

but also the interfacial behaviour of water bodies with the atmosphere (gas

exchange) and with solid surroundings (leaching and uptake at soil, sediments,

water body bottoms and so on). Moreover, aquatic processes are rarely at equilib-

rium, so consideration of kinetic aspects in addition to thermodynamic constants is

also necessary. Relevant aquatic processes that regulate water composition are

visualised in Fig. 3.1; a detailed discussion of these processes is out of the scope

of this book, so we’ll give only a brief outlook of them with special emphasis on

complexation and oxidation-reaction, which are probably the most relevant pro-

cesses in connexion to environmental analysis of water. The reader is referred to

authoritative treatises on Environmental Chemistry as Manahan1 for a comprehen-

sive discussion about aquatic chemistry.

Gas–liquid–aerosol equilibria in the lower troposphere determine the composi-

tion of wet atmospheric precipitation. The most relevant process in the context of

precipitation analysis is the solubilisation of airborne gaseous substances and

particulates that are in this way deposited to soils and water bodies. For example

primary emissions of SO2 and NOx are converted to SO4
2� and NO3

� by atmo-

spheric processes and then swept to the earth’s surface by wet deposition as acids

(acid rain) or salts (e.g. eutrophicating NH4HSO4 and NH4NO3).

The most important process related to gas exchange at water surface is O2 and

CO2 transfer. The atmosphere is the main supply of water-dissolved oxygen when it

is consumed by water sinks, especially the microorganism-mediated degradation of

organic matter, but the maximum concentration of oxygen in water in equilibrium

with air at 25 �C is limited to 8.32 mg/L, so the oxygen content of 1 L of water

saturated with oxygen can degrade only 7–8 mg of organic matter. Any significant

excess of reducible pollutants can easily cause oxygen depletion representing a

main cause of poor water quality. Dissolution in seawater is an important sink for

atmospheric CO2, with evident but not fully understood connexions to climate

change.

Another important process in water bodies is gas–liquid–aerosol exchange at

water surface. This process transfers matter from ocean surfaces to the atmosphere

via marine aerosol generation, a mechanism which generates an estimated mass

transfer of 1–3� 1016 g/year2 affecting physicochemical properties of the lower
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atmosphere and the chemical composition of atmospheric dry and wet precipitation,

especially in terms of sea salt-related ions.

Main acid-base parameters in natural water are related with CO2–HCO3
�–

CO3
2� equilibria, including pH (normal range 6.8 to 7.5), alkalinity (the capacity

of water to accept protons), dissolved inorganic carbon content, and the chemistry

of calcium and calcium carbonates. pH is a critical parameter in water chemistry,

influencing the stability, reactivity and mobility of elements, inorganic and polar

organic compounds; for example the pH dependence of dissolved inorganic carbon

is closely related to water fertility for photosynthetic and calcifying organisms. The

increased accumulation of atmospheric CO2 in the ocean has produced a shift in the

carbonate-system equilibrium, resulting in ocean acidification, a major topic in

oceanographic research. It’s estimated that surface-ocean pH has decreased by 0.1

pH units since the onset of the industrial revolution, with a prediction of global

surface pH reduction of �0.3–0.5 units by year 2100.3 The changes in the marine-

carbonate system reduce the ocean’s capacity to absorb future atmospheric CO2

emissions limiting its capacity to compensate environmental stress due to atmo-

spheric CO2 excess.
4 Other important acid-base aquatic chemistry processes are the

reactions of hydrated metal ions with OH� to form polymeric and polymeric

hydrolytic species, e.g. Fe(III), Al(III), Cu(II) among others.

As discussed later in this subchapter and in several chapters of this book, direct

analytical measurement of metal species is probably the most relevant feature of

electroanalytical sensors with respect to other available analytical techniques for

Fig. 3.1 Main physicochemical processes in environmental water

3 Water 65



water monitoring. Speciation measurements are largely dependent on the metal

complexation state, which is a critical parameter to understand their environmental

chemistry in water. Reactions of both ligands and metals have profound effects on

physicochemical states. Complexation may cause changes in metal oxidation states

(connexion to redox processes), metal solubilisation and insolubilisation (connex-

ion to precipitation processes) and adsorption-desorption on particulate matter, and

it’s closely related with important biochemical processes as metal bioavailability

(living cell uptake) and toxicity,5,6 as depicted in Fig. 3.2. The classification of the

main groups of aquatic ligands published by Buffle and Tercier-Waeber,7 in

relation to the voltammetric properties of their metal complexes, remains as the

most rigorous and comprehensive reference in the area (Table 3.1). Complex

lability is especially relevant in the context of metal speciation in water by

electroanalytical techniques, describing the ability of complexes to maintain equi-

librium with the free metal ion, Mn+, within the context of an ongoing interfacial

process in which a particular species, usually Mn+, is consumed.8 Diffusion coef-

ficients of complexes (DML), particle radius (r), length of macromolecules (l) and

molecular weight (Mw) inform about complex mobility. Other important properties

of water complexes shown in Table 3.1 are their thermodynamic stability and the

tendency of complexants and complexes to adsorb on electrodes.

Reduction and oxidation (redox) reactions affect the behaviour of many elements

and chemical constituents in environmental aquatic media and interfaces with the

atmosphere, the sediments—soil phases and the living organisms. The redox

Fig. 3.2 Metal speciation in environmental water
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potential, defined by theNernst equation and representing all corresponding redox pairs

contained in the solution when chemical equilibrium is established, is limited by water

oxidation and reduction.Oxidation ofwater (O2�/O2 gas) cangive amaximumvalue of

about +1,200 mV (O2 saturated media), whereas the minimum potential for the

reduction process (H+/H2 gas) is �800 mV, but actual environmental conditions,

where O2 or H2 saturation is not attained, give redox potentials in the range of +600

to�500 mV. Redox status of water bodies is mainly controlled by oxygen concentra-

tion, so the typical situation is a stratified system with oxidising conditions near the

surface and reducing conditions near the anoxic bottom, and there is also a close

Table 3.1 Voltammetrically relevant properties of the major types of natural complexants and

their complexes with trace metals in natural systems

Complexant type

Information

related to mobility

of complexes

“Effective”

complex

lability

Thermodynamic

stability of

complexes

Adsorption

of

complexants

and

complexes

on electrodes

1. Inorganic anions

(CO3
2�, Cl�,

SO4
2�, F�, etc.)

except OH�

and S2�

DML close to DM High Weak No

2. OH�, S2�,
polysulphides

Soluble M

complexes

DML close to DM Sometimes

labile

Strong Sometimes

Colloidal species 1< r< 500 nm Low or nil Strong Often

3. Clay colloids r> 10 nm, often

aggregated

Low Intermediate Weak or nil

4. Fe(III)

oxyhydroxide

1< r< 500 nm,

often aggregated

Low Intermediate to

strong

Intermediate

to strong

5. Mn(IV) oxides Low Strong

6. Fibrillar

polysaccharides

l¼ 10–1,000 nm,

often aggregated

High Low Possible

7. Soil-derived

fulvics (FA) and

humics (HA)

0.5< r< 5 nm,

partly aggregated.

Typically for FA:

DML (0.5–3)�
10�10 m2/s

From fully

labile (high

M/L; pH< 7) to

fully inert (low

M/L; pH� 7)

From low (high

M/L; pH< 7) to

very high (low

M/L; pH� 7)

Usually

strong

8. Small specific

organic

complexants

possibly released

by organisms

Mw< 1,000 Weak to strong

Based on reference(7) with permission

DML¼ diffusion coefficient of metal ion M complex with ligand L; DM¼ diffusion coefficient of

metal ion M; r¼ particle radius; l¼ length of macromolecule; Mw¼molecular weight
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relationship between redox potential and pH. Oxidised and reduced forms of environ-

mental water constituents are correspondingly dominant along the water column as

depicted in Fig. 3.3. It’s important to stress that many of the most important redox

reactions are catalysed by microorganisms.

3.2.2 Water Pollution

Waterborne toxic chemicals are nowadays an issue of pressing concern in developed

and developing countries. Along the water cycle, rainwater washes atmospheric

pollutants to the earth’s surface. Natural and anthropogenic substances in soil are

leached to streams and groundwater. As an example, the European Environmental

Agency estimates that about 25% of all groundwater bodies across Europe are in poor

chemical status.9 High levels of different chemicals, e.g. nitrate in groundwater

bodies, are the most frequent cause of bad status, as a consequence of a range of

pressures driven by human activities in different economic sectors. Large amounts of

treated and untreated wastewater and even solid wastes are discharged to rivers and to

the oceans, the final deposit of most persistent pollutants. The sediments deposited in

lakes, canals, reservoirs and estuaries are local (and often only temporary) deposits for

many of the contaminants present in water effluents. Metals within estuary sediment

deposits are frequently bioavailable to microorganisms and subject to remobilisation

within the water column, aquatic ecosystem and food chains. The main sources of

chemical constituents in ambient water can be classified as naturally occurring and

derived from human activities. Sources of naturally occurring substances include

geochemical factors as rock weathering, soil leaching and climate. Typical industrial

and human dwelling sources are mining (extractive industries, including oil

Fig. 3.3 Chemical species depending on oxidising and reducing conditions within water bodies
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exploration and extraction), shipping, manufacturing and processing industries, water

treatment and sewage (including a number of contaminants of emerging concern),

solid wastes, urban runoff and fuel leakages. Agricultural, livestock and aquaculture

activities generate manures, fertilisers and pesticides. Public health and recreational

activities imply chemical treatments with potential impact on green areas and artificial

water bodies.

In the frame of environmental monitoring, water contaminants can be conve-

niently classified according to their chemical nature, but physical state (dissolved

species or suspended and colloidal matter) is also relevant for sampling design. The

main chemical categories of water pollutants relevant to environmental analysis are

summarised in Fig. 3.4. Major parameters inform about the overall chemical status

of water, so they are generally measured for screening and routine monitoring

purposes. Extensive information about the environmental significance of these

parameters can be found in environmental chemistry textbooks and monographs.

Many chemical substances belonging to the trace inorganic and organic parameter

categories are considered to be significant menaces for human and environmental

health even at low concentrations, so they are classified as priority pollutants by

international organism and environmental agencies. As detailed in Table 3.2,

environmental quality standards and drinking water guidelines have been published

for many of these substances, establishing protection thresholds at trace or ultra

trace levels that give a clear picture of how dangerous are these pollutants, and also

Fig. 3.4 Main analytical parameters in environmental water monitoring
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showing how difficult are the analytical challenges for an accurate and representa-

tive measurement of these parameters in the frame of pollution assessment activ-

ities. Further analytical requirements in terms of sensitivity and selectivity can be

needed if chemical speciation (e.g. for trace element like As, Cr, Hg or Se) is

required. Table 3.2 is not exhaustive since a number of contaminants have different

regulations depending on the regulation source; the reader is referred to the

documents cited in Table 3.2 footnote for detailed information.

Among the trace elements listed in Table 3.2, the toxic heavy metals cadmium,

lead and mercury are the most worrying elemental pollutants in ambient water.

They are emitted from different sources including industrial waste disposal, landfill

leaching and fossil fuel burning. Atmospheric emissions can be transported to long

distances, especially in the case of mercury, before wet or dry deposition to enter

the water cycle. Mining is a localised but significant route for heavy metal transport

to water streams and groundwater, with abandoned mines representing a particular

threat.10 Mining tailing dam failures have been the cause of severe episodes of

water contamination by heavy metals, e.g. well-studied cases in Aznalcóllar,

Spain,11 or Baia Mare, Romania12; the subject has been reviewed by Rico et al.13

Some metalloids, notably arsenic, are also relevant pollutants in the aquatic envi-

ronment. Arsenic has attracted much attention since recognition in the 1990s of its

wide occurrence in well water in Bangladesh, the largest poisoning of a population

in history with millions of people exposed.14 Biotransformation of trace elements in

the aquatic environment can produce more toxic species as in the case of Hg

(II) conversion to methylmercury CH3Hg
+ and the volatile dimethylmercury

(CH3)2Hg. These organic forms biomagnify in the aquatic food chains due to

affinity to living tissue media, so the concentration factor from water to fish may

exceed 103. Like mercury, arsenic may be converted to more toxic methyl deriv-

atives as methyl arsenic and dimethylarsinic acids, but also to the relatively

nontoxic arsenobetaine, which is the main form of arsenic found in fish tissues.

Organotin compounds are also of concern in the aquatic system due to long-term

use of tributyltin and other derivatives as antifouling agents for boats and ships; this

use is presently banned in many countries.

The nutrient elements phosphorus, nitrogen and potassium present in sewage

and runoff from heavily fertilised fields are relevant water pollutants due to their

contribution to eutrophication of freshwater and coastal marine ecosystems. Eutro-

phication produces nuisance algal blooms, poor water clarity and extensive hypoxic

areas. As a clear example of this phenomenon, it has been recently described that

Lake Erie experienced in 2011 the largest harmful algal bloom in its recorded

history, with peak intensity over three times greater than any previously observed

bloom.15 Long-term trends in agricultural practices were correlated with increasing

phosphorus loading to the western basin of the lake, and these trends, coupled with

meteorological conditions in spring 2011, produced record-breaking nutrient loads.

Other inorganic substances relevant as potential water pollutants, especially in

the vicinity of specifically related industrial activities, are acids (also derived from

acid rain) and bases, cyanide, ammonia, hydrogen sulphide, nitrite, sulphite and

perchlorate. Some radionuclides can be found in water, from both natural and
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anthropogenic sources. The most concerning radionuclide in drinking water is

radium, but a number of fission-product radioisotopes from nuclear power produc-

tion and nuclear weapon tests can be also detected. A recent example is the accident

at the Fukushima nuclear power plant in March 2011, where fluvial discharges of

radiocaesium from contaminated watersheds by fallout have been reported.16 The

distribution and inorganic speciation of iodine-129 in seawater offshore Fukushima

after the nuclear accident have been also described by Hou et al.17

A wide range of organic compounds have been identified as relevant water

pollutants. Main categories include hydrocarbons and polycyclic aromatic hydro-

carbons, detergents and detergent builders, pesticides, polychlorinated and

polybrominated biphenyls and trihalomethanes. Table 3.2 gives some details

about environmental and health significance of representative individual com-

pounds, with indication of regulated levels in water. The list is not exhaustive

since there is no universal agreement about the establishment of guideline values

for several substances, so the reader is referred to original sources to obtain specific

information on known facts about organic pollutants in ambient water. WHO

Guidelines for Drinking-water Quality,18 and US EPA National Primary Drinking

Water Regulations19 can be cited as references on this subject. Steroid sex hor-

mones, pharmaceuticals and personal care products, illicit drugs, flame retardants

and perfluorinated compounds are considered emerging environmental contami-

nants of particular concern in wastewater and sewage sludge, as many of them

display endocrine-disrupting properties.20 Due to their physicochemical properties,

they tend to accumulate in sewage sludge during wastewater treatment, so the

common practice of spreading sewage sludge over agricultural land can constitute

a source of many important xenobiotic compounds.

Nanoparticles (NP) and especially engineered nanoparticles (ENP) can be con-

sidered as another class of emerging pollutants in water systems and in all envi-

ronmental compartments. Nanotechnology has gained a great deal of public interest

because of the needs and applications of nanomaterials in many areas including

industry, agriculture, business, medicine and public health. Environmental expo-

sure to nanomaterials is inevitable as they are increasingly becoming part of our

daily life. Manufactured nanomaterials enter the environment through atmospheric

emissions and solid or liquid waste streams from production facilities. In addition,

nanomaterials in paints, fabrics and personal and health care products, including

sunscreens and cosmetics, enter the environment proportional to their use. Emitted

nanomaterials will ultimately deposit on land and water surface, having the poten-

tial to contaminate soil and migrate into surface and ground waters. Particles in

solid wastes, wastewater effluents, direct discharges or accidental spillages can be

transported to aquatic systems by wind or rainwater runoff.21 Scientific uncer-

tainties remain about the environmental risks associated with the widespread use

and production of ENP, but potential (eco)toxicity is under active research, based

on the type of base material, size, shape and coatings. Some models have been

developed to study the release of ENPs to the environment throughout the whole

life cycle of ENP and ENP-containing products. Sewage sludge, wastewater and

waste incineration of products containing ENP have been identified as major
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vehicles through which ENPs end up in the environment.22 Besides knowing the

amounts of ENP released into the environment, it is equally important to investigate

in what form ENPs are released, but there are only a limited number of analytical

methods that can be directly applied to ENP characterisation and quantification in

aqueous samples, so a great analytical challenge is open, also for electroanalytical

sensors. The main analytical problems concerning environmental aqueous NP

suspensions are23 low concentrations (especially of ENP); high concentration of

the matrix; difficulties in sample preparation, artefacts and sample stability; poly-

dispersity and lack of reference and standard materials for calibration and

validation.

3.3 Environmental Water Analysis

Environmental water analysis is a complex task, so all the stages of the analytical

process shall be carefully planned and executed to obtain relevant and timely data to

fit the monitoring objectives. Individual aspects that need to be considered include

sampling design, selection and pretreatment of sampling materials, sample trans-

port and storage, sample pretreatment, data quality assurance and data interpreta-

tion. Some of these aspects can be eluded by the strong “lab-to-field” trend

currently ongoing in environmental analytical chemistry. In situ or on site mea-

surement avoids problems due to contamination during sampling and storage,

instability of analyte species during transport and storage prior to measurement

(through processes associated with aggregation, re-equilibration of gaseous com-

ponents and precipitation) and adsorption/desorption of analytes on container walls.

Systematic sampling design is essential to select adequate scales of spatial and

temporal resolution to reach the desired objective within the frame fixed by

available resources. Spatial and time scales usually managed in water environmen-

tal monitoring, with typical examples of applications, are given in Table 3.3 to

show the wide variability of analytical demands that environmental analysts are

expected to face. Water bodies’ chemical monitoring design must account on

surface, volume and temporal dynamics. It’s important to collect relevant data on

emission sources to reduce monitoring costs, because they give a good basis for

choosing proper sampling locations, and optimising the number of sampling sites

and the appropriate sampling frequencies. Detailed guidance on sampling strategies

for environmental water bodies is available, e.g. from the European Water Frame-

work Directive technical work.25

Water sampling equipment range from atmospheric wet and bulk deposition

devices, as discussed in detail by Krupa,26 to a variety of recipients for surface and

deep water collection, including depth-stratified sampling.27 Proper pretreatment of

sample recipients is essential to prevent contamination or losses through adsorption

on recipient walls. Passive sampling technology is increasingly used as an useful

alternative to traditional sampling with many significant advantages, including

simplicity, low cost, no need for expensive and complicated equipment, no power
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requirements, unattended operation and the ability to produce accurate results.28,29

The use of passive samplers has been explored as a tool for regulatory monitoring of

trace metals in surface water.30 Active biomonitoring is being explored as an

integrative sampling strategy for hydrophobic micropollutants in continental

waters.31 Once extracted from natural status, significant changes can take place in

water samples within hours due to the dynamic chemical and biochemical nature of

water samples, so sample transport and storage before analytical measurements

must be carried out following recommended protocols to prevent significant

changes in sample composition. This includes critical parameters as type and

material of sample containers and methods of preservation.32

About sample pretreatment, the first and probably the most critical step in

environmental sample processing is the separation of liquid and particulate phases,

usually accomplished by filtering. Analyte partitioning into the dissolved, colloidal

and particulate states has a profound effect on analytical results. Gaillardet et al.33

characterised the dissolved state as below 1 nm, and colloids are operationally

defined as between 1 or several nanometres to 0.20–0.45 μm and particulates or

suspended matter as >0.45 μm. The most important consideration is the separation

of colloidal material that involves removing material more than 90 times finer than

what is commonly removed using conventional filtering methods. Removing this

colloidal material would involve the utilisation of ultracentrifugation techniques or

the repeated filtering of samples in order to clog and thereby reduce the pore size of

ordinary membranes.34 Matrix interferences from soluble species are generally

managed by separation techniques as coprecipitation, solvent extraction and

solid-phase extraction (SPE) by chelating resins.27 Conducting polymers have

been also identified as useful alternatives for solid-phase extraction (SPE) or

Table 3.3 Spatial and temporal scales in environmental water monitoring

Scales Size Example

Spatial domains

Global <10,000 km Hydrosphere, ocean

Meso >100 km Sea, major lake, ice sheet

Intermediate >1 km Watershed, river, lake, glacier

Field >1 m Pond, well, fountain, rain event, pipe discharge

Macro >1 mm Raindrop, hailstone

Temporal domains

Geologic >10,000 years Antarctic ice sheet-stratified analysis

Generation lifetime 20–100 years Acid rain, heavy metal wet deposition, eutrophication

Annual >1 year Groundwater quality

Seasonal >4 months Pesticides and fertilisers in agriculture field runoff

Daily >24 h Drinking water quality

Hourly >60 min River water monitoring (on-site)

Instantaneous <1 s River water monitoring (in situ)

Modified from reference (24)
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microextraction (SPME) of environmental pollutants from water samples. Large

surface area, the ability to establish p–p interactions and excellent chemical,

mechanical and thermal stability make conducting polymers very attractive as

SPE or SPME sorbents for extraction or isolation of trace amounts of compounds.35

Separation is usually associated with a significant grade of analyte

preconcentration.

Quality data assurance is presently ensured in most laboratories by the use of

field blanks, sample replicates, clean sampling and analytical equipment and clean

analytical facility protocols. The use of appropriate certified reference materials

(CRMs) and laboratory intercomparison to test accuracy is today a standard in

environmental water monitoring, after great efforts made along the last two

decades. CRMs for trace elements in water are widely available, including the

most priority pollutants Cd, Pb, Ni and Hg at the concentration levels usually

encountered in the frame of environmental monitoring activities. Hg-certified

CRMs are challenging, due to known difficulties in stabilising mercury ions in

water matrices, especially at very low levels. On the opposite, no real matrix CRMs

for organic compounds in water are presently available in the market; the technical

problems associated to the production and storage of homogeneous and stable

CRMs of this type have been recently reviewed by Ricci et al.36 So quality

assurance for trace organic analysis in environmental water samples mainly rely

on inter-laboratory comparisons, with several large-scale examples reported in

recent years.27,37

Regarding data interpretation, chemometric tools are increasingly used to man-

age the growing availability of complex chemical data sets obtained from environ-

mental water networks monitoring units and experimental campaigns. Trace and

some major pollutants can be linked to specific sources, so analytical results can be

additionally used for pollution source assignment and apportionment.38–40 Model-

ling of the chemical evolution of water bodies and the dispersion of pollutants from

individual and diffuse sources (e.g. after chemical spills) is also an increasingly

important aspect of environmental monitoring and assessment41 that relies on the

measured analytical data of major and trace chemical parameters.

3.4 Electrochemical Sensors in Water Analysis

Specific chapters of this book give a detailed description of the wide range of

electrochemical sensors available for many different environmental applications, so

only a short discussion will be given in this subchapter about the present status of

electrochemical sensing in environmental water analysis. We’ll present an over-

view about the main features and applicability of the most relevant electroanalytical

techniques, some outstanding trends about instrumental and technological aspects

and a brief comment on standardised methods.
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3.4.1 Electroanalytical Techniques

A wide range of electroanalytical strategies are available for water analysis,

including direct measurements of analytes by conductometry, amperometry,

potentiometry, voltammetry and stripping chronopotentiometry. Additionally, the

greatly expanding field of electrochemical biosensors, based on conductometric,

amperometric and potentiometric measurements, is opening new perspectives for

water analysis. They measure signals generated by electro-active species that are

produced or consumed by the action of the biological elements (e.g. enzymes), and

also by interfacial changes caused by molecular recognition (e.g. antibodies).

Conductometric sensors are an inexpensive and robust class of electrochemical

sensors, widely used as the base of standard methods for total dissolved ions

monitoring in water samples (see Chap. 4 vol 2). The ability of an aqueous solution

to conduct a current, its electrical conductivity, depends on the presence of ions,

their total concentration, mobility and valence, and on the temperature. By contrast

with many organic molecules, most inorganic compounds dissociate in aqueous

solution, so conductivity can be regarded as a non-specific measure for their

concentration in water. The conductometric response is unspecific because the

measured signal derives from the combined responses of all ion concentrations

and their corresponding specific ionic conductivities, so direct conversion of con-

ductivity measurements to ionic concentration cannot be easily derived. The main

applicability of simple conductometric measurements in environmental applica-

tions is the detection of abnormal variations in dissolved ion content, highly useful

as a screening tool to identify and assess contamination episodes. Coupling of

conductometric detectors with ion chromatography, often with assistance of online

suppression of eluent conductivity, greatly enhances its analytical performance.

Many standardised methods are described for monitoring major cations (e.g. Li+,

Na+, K+, Mg2+, Sr2+, Al3+, NH4
+) and anions (e.g. F�, Cl�, Br�, HCO3

�, NO3
�,

SO4
2�, PO4

3�) in ambient water. A recent review of applications, including

methods for trace organic ions in wastewater, has been published by Trojanowicz.42

Capillary electrophoresis with contact and contactless conductometric detection

provides an alternative way for the same applications, with the additional benefits

of miniaturisation and simplification of the equipment. The fundamentals of elec-

trochemical detection in capillary electrophoresis, including a detailed description

of conductometric sensors, have been published by Kubán and Hauser,43 and

applications to water samples have been reviewed.44,45 Mai et al.46 have developed

a portable capillary electrophoresis instrument with automated injector and

contactless conductivity detection with application to inorganic ion detection

within 16 s in wastewater samples, with detection limits below 1 μM. A range of

conductometric biosensors have been developed for water monitoring. A recent

example of this approach is a bacterial biosensor for trichloroethylene (TCE)

detection based on a three-dimensional carbon nanotube bioarchitecture.47 The

bacterial biosensor was successfully applied to the determination of TCE in spiked
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groundwater samples and in six water samples collected at an urban industrial site

contaminated with TCE.

Amperometric measurements at a fixed potential have a long tradition of

applicability in water analysis, both in static and flowing systems. Aside to the

well-known amperometric sensors for dissolved oxygen (see Chap. 3 volume 2),

amperometric methods have been developed for a wide range of water pollutants.45

Amperometric biosensors based on inhibition of the enzyme acetylcholinesterase by

pesticides have been developed and applied to environmental water with sub-ppb

detection limits.48 The main approach used to measure AChE inhibition is based on

the amperometric detection of thiocholine, which is the enzymatic reaction product

of acetylthiocholine and is oxidised at constant potential at the electrochemical

transducer. Whole-cell amperometric biosensors are typically based on the mea-

surement of oxygen consumption or production during respiration/photosynthesis

processes, consumption or production of specific compounds in the course of analyte

metabolisation or induction or inhibition of a specific enzyme activity. This type of

biosensors has been applied to the measurement of relevant water parameters as

the biochemical oxygen demand (BOD) (see Chap. 2 vol 2), pesticides (see Chap. 13

vol 2) and heavy metals (see Chap. 5 vol 2).49

Potentiometric measurements by ion-selective electrode potentiometry (ISE) or

ion-selective field effect transistors (ISFET), stripping voltammetry (SV) and strip-

ping chronopotentiometry (SCP) are analytical techniques capable of giving not

only the total concentration of analytes in water samples, but also metal speciation

information, since they are sensitive to the free metal fraction. This capability is

especially useful for the study of metal distribution and transfer among environ-

mental compartments in water, as previously commented in this subchapter

(Fig. 3.1). It’s important to stress that SV and SCP are dynamic techniques, whereas

ISE and ISFET are equilibrium techniques. For more details on potentiometric

measurements, see Chap. 9 vol 2.

ISE measurements are attractive in environmental water analysis due to their

simple measurement principle, low energy requirements and portability, making

them very suitable for in situ and on-site applications. Briefly, ISEs are based on

equilibrium partition of the test ion between an ionic hydrophobic liquid, or solid,

membrane and the test solution. The resulting equilibrium or steady-state mem-

brane potential is measured and related to the free metal ion concentration. Oper-

ation of ISEs is however challenging due to a range of experimental problems,

including electrode fouling, signal drift on continuous exposure to sample medium,

electrode dissolution causing a high surface excess of analyte, electrode carryover

of the analyte and electrode instability caused by passivation.50 Aside to common

routine applications for pH and major ion (e.g. NO3
�, F�, NH4

+) determination, a

differential capability of ISEs is their response to free metal ion activity, a critically

important parameter for trace metal bioavailability and toxicity assessment in

environmental waters, as previously mentioned. In this field, a clear shift is

observed in recent years from liquid filled to solid contact ISEs, which can be

produced as miniaturised disposable sensors by screen printing or other microfab-

rication technologies, as recently reviewed by Zuliani and Diamond.51 Examples of
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application to trace element determination at required detection levels in real

environmental waters (e.g. to fulfil the heavy metal monitoring requirements of

the European Water Framework Directive, see Table 3.2) are scarce. The determi-

nation of cadmium at 1 ng/mL level in simulated seawater, after preconcentration

on a bismuth-coated electrode, has been described.52 The combination of screen-

printed solid-contact Pb2+ ISE and solid contact reference electrodes has been

recently demonstrated as suitable for use in disposable sensing devices for envi-

ronmental monitoring of lead in the nanomolar range.53 The potentiometric mea-

surements correlated well with data determined using inductively coupled plasma

mass spectrometry (ICP-MS) in a number of real river water samples.

Microfabricated ISE devices have been also used in lab-on-a-chip systems for

pH, nitrate and phosphate determination.54 Potentiometric measurements are well

suited for flow detection schemes, so a range of instrumental strategies and appli-

cations have been described for flow analysis, capillary electrophoresis and

microfluidic systems,45 and also for liquid chromatography,42 but none of them

have been yet commercialised.

The advantage of the ISFET sensors includes reduced drift and noise due to stray

currents as a result of the lower impedance compared to an ISE. A number of

applications have been described for the determination of environmental water

parameters, notably long-term unattended pH measurements in the open ocean.55

Precise seawater-pH data (better than 0.002 pH units) with good spatial and

temporal coverage are particularly critical to appreciate ocean-acidification phe-

nomena and their consequences on the marine carbonate system.56

Potentiometric biosensors based in both ISE and ISFET for water analysis have

been widely developed in the last few years, with recent research leading to

nanomaterial-based devices. New nanoparticle (NP)-based signal amplification

and coding strategies for bioaffinity assays are in use, along with molecular

carbon-nanotube (CNT) wires for achieving efficient electrical communication

with redox-enzyme and nanowire-based label-free DNA sensors.57

Stripping voltammetry (SV) is the most sensitive electroanalytical technique

available for trace analysis in environmental water. The usual configurations

include anodic stripping voltammetry (ASV) or adsorptive stripping voltammetry

(AdSV) techniques with differential pulse (DPASV), or square wave (SWASV)

sweeps. A vast number of SV methods have been described for the determination of

virtually all organic and inorganic analytes of interest in environmental water

samples. ASV is the dominant mode for inorganic species, but there are also

many examples of AdsV approaches by analyte complexation and adsorption.

Some degree of sample pretreatment is usually needed for total concentration

measurements, to destroy complex species and avoid interfering signals at the

working electrode. Sample digestion can be tuned depending on the organic load

of the sample, from mild treatments as UV or ultrasonic irradiation for natural water

to microwave treatment or even total digestion by acids in wastewater or polluted

river water. As representative examples of these strategies, Alves et al.58 have

described the simultaneous electrochemical determination of arsenic, copper, lead

and mercury in unpolluted fresh waters using a vibrating gold microwire electrode,
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after UV digestion; Cukrov et al.59 studied the spatial distribution of dissolved and

total trace metals (zinc, cadmium, lead and copper) in the Krka River, Croatia, by

DPASV on a hanging mercury drop electrode (HMDE), after acid digestion with

HNO3. Jakuba et al.60 described the speciation of zinc in acidified ocean water

samples, by anodic stripping voltammetry on a mercury film electrode. Organic

compounds are almost exclusively determined by AdsV. The main experimental

problem encountered for trace organic analysis by AdsV in environmental waters

arises from interferences caused by organic components in the water matrix, so a

limited number of applications to real samples are described in the literature. A

good example of potentialities and limitations is exemplified in a paper describing

the development and evaluation of a sequential injection method to automate the

determination of methyl parathion in river water by square wave adsorptive

cathodic stripping voltammetry, exploiting the concept of monosegmented flow

analysis to perform in-line sample conditioning and standard additions.61

A known feature of SV measurements is the minimum disturbance that

collecting the analytical signal causes on the sample, since analytical currents are

produced by phenomena occurring at the electrode-solution interface without

affecting the bulk volume of the sample. These properties, aside with low cost,

low energy consumption and ease of miniaturisation, make these techniques espe-

cially suitable for in situ and on-site analytical measurements in water samples, a

very valuable advantage in environmental monitoring. Moreover, careful adjust-

ment of electrode design, deposition potential and potential waveforms applied to

undisturbed or minimally disturbed samples allow the measurement of

voltammetric responses from species with different degrees of lability, dependent

on the nature of physicochemical processes and chemical reactions in solutions,

enabling the identification and quantification of, e.g. oxidation states, complexation

states or matrix-bounded elemental ions in solution. The correct interpretation of

the results requires not only the knowledge of equilibrium parameters but also the

kinetic features of the interconversion of metal complex species. Diffusion and/or

kinetic fluxes of the various metal species in solution, both depending on the time

scale of the analytical technique and on the intrinsic characteristics of the

complexing species (see Table 3.2), influence the signal. As a dynamic analytical

sensor, SV is characterised by its (1) response time, which is determined by the

thickness of the diffusion layer, and its (2) accumulation time. The signal resulting

from the accumulation step represents an integration of all fluctuations in the test

medium during this time period.62

The use of SV for metal speciation in environmental water has been the subject of

intensive research for decades, as reviewed by Pesavento et al.63 and recently by

Mota et al.64 (see Chap. 5 vol 2). The most straightforward approach is probably

ASV. In this mode, the kinetically labile metal species Mn+ are reduced during the

deposition step to M(0), on the working electrode surface. The deposited M(0) is

stripped back to the solution by oxidation during an anodic sweep, and the resultant

current is measured. The stripping process is strongly affected by solutes giving

adsorptive interferences. Kinetically labile species are determined, so the

ASV-labile metal ion can be correlated with bioavailability. For speciation purposes
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the metal Mn+ is added to titrate the ligands L present in the sample and information

on complexing capacity is obtained in this way, as discussed in detail by Pesavento

et al.63 Competitive ligand exchange-adsorptive stripping voltammetry

(CLE-AdSV) is another widely applied SV approach to determination of metal

speciation.65 The technique involves reaction of Mn+ with an added ligand, Lad,

followed by detection of the resulting MLad complexes by adsorptive accumulation

and subsequent reduction of the metal. The measurement is made after a competing

equilibrium has been established between Lad and any ambient, naturally occurring,

Mn+ ligand (L). The added ligand is usually one which forms rather stable complexes

with the target metal. Finally, absence of gradient and Nernstian equilibrium strip-

ping (AGNES) is an SV technique designed for the determination of the concentra-

tion of free metal ions Mn+ by two sequential steps: (1) application of a potential

program (e.g. a step at a fixed potential) generating a known concentration gain

between the outer and inner concentrations of the metal at the working electrode

surface together with null gradients of the concentration profiles and (2) determina-

tion of the concentration of reduced metal inside the amalgam in a stripping step.66

Stripping chronopotentiometry (SCP) is methodologically analogue to SV, but

the accumulation step is followed by chronopotentiometric measurements with

chemical (usually a chemical oxidant) or electrochemical (electric current) force.

Within the specific field of metal speciation in water samples, SCP has been

empirically proved to be less sensitive than SV to the adsorption of species on the

electrode surface in the presence of important quantities of organic matter and

mostly insensitive to electrochemical irreversibility, especially at a microelectrode.

Moreover, it’s free from induced metal ion adsorption interferences and offers

greater resolution than corresponding SV measurements.67 Stripping chronopoten-

tiometry at scanned deposition potential, SSCP, has been shown to be a powerful

tool for determination of the distribution of metal dissociation rate constants for

heterogeneous ligands, as demonstrated for Cu(II) and Pb(II) complexes with fulvic

acids.68 The applications of SCP to environmental analysis, including the determi-

nation of total concentrations of elements, element speciation analyses and theo-

retical and experimental methods for the study of heavy metal complexation/

speciation in the environment, have been reviewed by Serrano et al.69

3.4.2 Instrumental and Technological Trends

Electroanalytical instrumentation for environmental water analysis has experienced

an impressive progress in recent years, with significant advances on the most

relevant aspects for environmental monitoring sensors: cost, portability, assay

time, fast personnel training, minimal or absent sample preparation, sensitivity,

dynamic range and specificity. Main trends are focused on devices for in situ

measurements in large water bodies (lakes, seas and open oceans), miniaturised

lab-on-a-chip instruments for decentralised monitoring, including remote sensing,

and new electrode technologies for improved sensing performance.
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In situ detection of water pollutants, and specifically of metal species, has been

the objective of many instrumental developments during the last two decades with

the goal of avoiding sample perturbations due to sampling, sample storage and

handling, the major limitations of conventional approaches to trace-metal specia-

tion. As discussed in detail by Hanrahan et al.,70 the development and application of

in situ electrochemical devices require proper attention to major issues. They

include reversibility of electrochemical processes (to avoid carryover), long-term

stability (surface fouling by surface active substances in organic-rich natural waters

or in wastewater, drift), specificity (overlapping signals caused by co-existing

compounds) and changes in natural conditions (such as oxygen or convection)

that may affect the sensor response. Calibration for in situ measurements is affected

by different factors and needs careful attention to minimise inaccuracies.71 In

waters and sediments, pH, temperature and ionic strength may vary with depth.

The temperature dependence of voltammetric currents is typically 3–8 %/�C
(depending on the analyte, the technique and experimental conditions used). Strong

pH and ionic strength gradients may also occur in estuaries, the top layers of fresh

or seawater or at the sediment–water interface. They may influence significantly not

only metal speciation but also the rate of electron transfer at the electrode and thus

the measured signals.

A number of submersible instruments have been proposed, as the voltammetric

in situ profiling system (VIP) developed by the group of Buffle in Geneva. This

instrument, equipped with a gel-integrated microelectrode (GIME), was applied,

e.g. for the SWASV measurement of depth-concentration profiles of Cu(II) and Pb

(II) in Swiss lakes.71 Wang and co-workers proposed in situ voltammetric equip-

ment for seawater, based on the coupling of gold surfaces, potentiometric stripping

operation and ultramicroelectrode technology.70 The remote sensor assembly

consisted of gold-fibre, silver and platinum working, reference and counter elec-

trodes, respectively, operated in the stripping potentiometric mode. A modified

electrochemical cell comprising a mercury-coated platinum disk microelectrode

was applied for in situ measurement of the labile fractions of lead and copper.72

Several examples of unattended and remote in situ voltammetric monitoring and/or

profiling of trace elements in water columns and sediments have been reviewed.73

Electroanalytical techniques are very suitable for inclusion in lab-on-a-chip

instruments, thanks to the miniaturisation potential of detectors and associate

electronics. Lab chip and electrochemical sensing-based portable monitoring sys-

tems, based on micro-electromechanical system (MEMS) and polymer

micromachining techniques, appear well suited to complement standard analytical

methods for a number of environmental monitoring applications.54 In addition, this

type of portable system could save time, reagents and sample when installed at

contaminated sites. A compilation of micro-sensors for the measurement of priority

pollutants targeted in the EU Water Framework Directive, including conductomet-

ric, amperometric and voltammetric devices, has been published by Namour et al.74

The lack of ruggedness of the receptor towards environmental conditions in the

long term has been identified as the main factor limiting micro-sensor applications

in ambient water.
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About electrode design and fabrication oriented to environmental water moni-

toring, the increasing availability of screen-printed technology is probably the most

outstanding progress in recent years. Screen-printed platforms with carbon, gold

and bismuth working electrodes (both bare and modified with diverse organic and

inorganic layers) have been the base for multiple developments in environmental

analysis. Applications to water samples, mainly focused on trace element detection,

have generated promising methodologies for the portable sensing of toxic pollut-

ants in water. The main developments and applications of screen-printed electrodes

in environmental assays, including applications to a wide set of organic and

inorganic water pollutants, have been recently reviewed by Li et al.75 A step further

in the screen-printed progress for water analysis has been the recent development of

wearable screen-printed electrochemical sensors on underwater garments compris-

ing the synthetic rubber neoprene, for determining the presence of environmental

pollutants (phenols and heavy metals) and security threats (trace explosives as

trinitrotoluene) in marine environments.76,77 Neoprene is an attractive substrate

for thick-film electrochemical sensors for aquatic environments and offers high-

resolution printing with no apparent defects. The neoprene-based sensor has been

evaluated for the voltammetric detection of trace heavy metal contaminants and

nitroaromatic explosives in seawater samples. The introduction of molecularly

imprinted polymers in working electrode designs is another promising trend to

improve the performance of electrochemical sensors in environmental water

applications.78

3.4.3 Standardised Methods

As summarised in Table 3.4, some electroanalytical methods have been certified by

standardisation bodies for the chemical characterisation of ambient water samples,

mostly in the class of inorganic substances. Conductometric detection is used in

direct method for ionic constituents and also as chromatographic detector for

individual cations and anions. Total, inorganic and organic carbon in water can

be also assayed by conductometric detection. Amperometric detection has been

certified for dissolved oxygen and cyanide. ISE potentiometry is used for

standardised measurements of a set of ions and also for the evaluation of water

oxidation-reduction potential. Voltammetric detection is the base for diverse meth-

odologies oriented to the determination of trace elements including the most

relevant elemental pollutants.

86 E.P. Gil



Table 3.4 Selected examples of standard electrochemical method for environmental water

characterisation, classified by electroanalytical techniques

Method

type and

code Analytes Samples

Standardisation

body

Conductometric detection

ISO

7888:1985

Conductivity (ionic

constituents)

Surface waters, process waters in

water supply and treatment plants,

and wastewaters

ISO

ISO

14911:1998

Li+, Na+, NH4
+, K+,

Mn2+, Ca2+, Mg2+, Sr2+

and Ba2+

Water and wastewater ISO

ISO 10304-

1:2007

Bromide, chloride, fluo-

ride, nitrate, nitrite,

phosphate and sulphate

Water ISO

ISO 10304-

3:1997

Iodide, sulphite, thiocy-

anate and thiosulphate

Water ISO

ISO 10304-

4:1997

Chlorate, chloride and

chlorite

Water with low contamination ISO

ASTM

D5904-02

(2009)

Total carbon, inorganic

carbon and organic

carbon

Raw water, drinking water and

wastewater

ASTM

EPA 314.0 Perchlorate Drinking water USEPA

Amperometric detection

ISO

5814:2012

Dissolved oxygen Drinking waters, natural waters,

wastewaters and saline waters

ISO

ASTM

D7237-10

Cyanide Natural water, saline waters and

wastewater effluents

ASTM

Potentiometric detection

ISO

6778:1984

Ammonium Water, wastewater and sewage ISO

ISO

15682:2000

Chloride Water and wastewater ISO

ISO 10359-

1:1992

Fluoride Lightly polluted water ISO

ISO

10523:2008

pH Rain, drinking and mineral waters,

bathing waters, surface and ground

waters, municipal and industrial

wastewaters and liquid sludge

ISO

ASTM

D4658-09

Sulphide Water ASTM

ASTM

D1498-08

Oxidation-reduction

potential

Water ASTM

Voltammetric detection

DIN

38406-

16:1990-03

Zinc, cadmium, lead,

copper, thallium, nickel

and cobalt

Water, wastewater and sludge DIN

(continued)
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3.5 Conclusions and Outlook

There are today increasing demands of chemical knowledge about ambient water,

as a consequence of intensive environmental water research, stricter regulations for

environment protection and growing public concern. Analytical challenges imme-

diately derived for these requirements are evident. The location and the density of

monitoring points will need to be adapted to provide adequate spatial and temporal

coverage (surveillance monitoring) and to capture the effect of individual and

diffuse pressures, including “in situ” and on-site monitoring. This will require

further effort on sensor miniaturisation and simplification, towards the so-called

geosensor networks concept.79 Furthermore, more substances will need to be

monitored in a more systematic manner, in particular those listed as priority sub-

stances and emerging, poorly characterised contaminants, e.g. nanoparticles. From

a technical perspective, the main challenges will comprise developing new and

greener analytical methods, based on robust and simple techniques and capable of

transmitting data wirelessly. Developing information systems for managing an

increasing volume of data coming from different producers and controlling mea-

surement uncertainty will be also important tasks. These requirements can be

conveniently referred under the screening and monitoring emerging tools (SMET)

concept,80 to designate tools that differ from classical spot sampling and laboratory

analysis. They can be used directly on-site or in situ, and they often enable a quicker

water quality assessment than classical laboratory analysis. Different types of

SMET are expected to measure time-weighted average concentrations of pollutants,

Table 3.4 (continued)

Method

type and

code Analytes Samples

Standardisation

body

DIN

38406-

17:2009-10

Uranium Surface water, raw water and

drinking water

DIN

ASTM

D3557-12

Cadmium Water and wastewater ASTM

ASTM

D3559-08

Lead Water and wastewater ASTM

EPA 7063 Arsenic Drinking water, natural surface

water, seawater, and domestic and

industrial wastewater

USEPA

EPA 7472 Mercury Drinking water, natural surface

water, seawater, and domestic and

industrial wastewater

USEPA

EPA 7198 Hexavalent chromium Natural and wastewater USEPA

ISO: International Organization for Standardization; DIN: German Institute for Standardization

ASTM: ASTM International, formerly American Society for Testing and Materials

USEPA: United States Environmental Protection Agency
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provide rapid on-site or online analysis or detect potentially harmful conditions

through biological or chemical detectors. Electrochemical sensors have already

demonstrated their capability to address the aforementioned challenges, so they will

undoubtedly play an outstanding and increasingly important role to fulfil these

desired analytical requirements for ambient water monitoring.
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Chapter 4

Atmosphere

Andrea Gambaro, Elena Gregoris, and Carlo Barbante

The atmosphere is the receiver of many by-products of our society, such us products

of combustion of fossil fuels and industrial manufacturing. The studies on chemical

pathways of trace atmospheric species are often complexes since the life cycles of

such species are linked to an elaborate system of chemical and physical processes.

As a result, it is possible that a perturbation in the concentration of one species leads

to significant changes in quantity and lifetimes of other trace species; the feedback

could also amplify or damp the original perturbation. Trace species can exhibit an

enormous range of spatial and temporal variability, depending on their lifetime in

the atmosphere. Relatively long-lived species are usually uniformly distributed: in

this case strategically located sampling sites around the globe could be adequate to

characterize their spatial distribution and temporal trend. As species lifetimes

become shorter, their spatial and temporal distributions become more variable.

The Earth’s atmosphere is composed primarily of the gases N2 (78 %), O2 (21 %)

and Ar (1 %); their abundance is controlled by the biosphere over geologic

timescales, through uptake and release from crustal material and degassing of the

interior. The later most abundant constituent of the atmosphere is water vapour; it is

found mainly in the lower layer (troposphere) and its concentration is highly

variable, reaching 3 % of concentration. The remaining gaseous constituents

(trace gases) represent less than 1 % of the atmosphere. Trace gases play a crucial

role in the Earth’s radioactive equilibrium and in the chemical properties of the

atmosphere. Besides gases, the atmosphere, whether in urban or remote areas,

contains significant concentrations of “particulate matter” or aerosol. By “particu-

late matter” we refer to any substance, except pure water, that exists as a liquid or

solid in the atmosphere under normal conditions and is of microscopic or
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submicroscopic size larger than molecular dimensions.1 Among atmospheric con-

stituents, particulate matter is unique in its complexity. Atmospheric particles affect

a great variety of processes such as solar radiation scattering, visibility, climate and

health effects. Moreover the atmospheric particles play an important role in the

transport of chemical compounds both at local and remote scales. Atmospheric

particles are classified by their size, shape and composition. They can be the result

of primary emission that means they are directly emitted from sources or can be

produced in the atmosphere by physical processes or chemical reactions (secondary

formation, Fig. 4.1). The properties of such particles can be modulated by atmo-

spheric processes, like condensation, evaporation and coagulation. Particles can

persist in the environment from minutes to weeks after their release or formation,

and can travel meters to thousands of kilometres; the typical removing mechanisms

are wet or dry deposition.

There are three distinct modes into which airborne particles can typically be

divided, based on their size, that are the following:

1. Transient nuclei mode: These particles are typically less than ca. 100 nm in

diameter; they are formed by the condensation of less volatile materials and

subsequently grow by condensation processes. Their formation can occur both in

hot combustion gases and within the atmosphere itself from chemical reactions

of gases.

2. Accumulation mode: Particles in the transient nuclei mode can grow both by

condensation of low-volatility materials and through coagulation, reaching the

state of “accumulation mode” that consists of particles between ca. 100 nm

and 2 μm in diameter. The accumulation mode is so called because particle

removal mechanisms are the less efficient in this regime, causing particle to be

accumulated.

Secondary
Formation

Cloud Processing

Physical and Chemical Aging

Natural DryAnthropogenic Wet

Primary Emission Deposition

Fig. 4.1 Atmospheric cycling of aerosol (reproduced from reference(2) with permission from John

Wiley and Sons)
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3. Coarse particle mode: The coarse particles are usually formed by mechanical

action at high temperatures, crustal erosion, road dust resuspension and sea salts,

being the fine fraction of a mixture of primary and secondary aerosol, principally

emitted from anthropogenic sources (combustion, high-temperature industrial

activities, automotive traffic, etc.).

Therefore, detailed information on the aerosol mass distribution and on its

chemical composition is essential to identify their sources as well as to assess the

environmental and health risks.3

Estimations of global emissions, as reported by many authors, have shown that

natural and anthropogenic sources can contribute to the principal dimensional

classes (coarse, fine and ultrafine)4,5 of atmospheric particulate matter (PM).

About 10–20 % of the aerosols can be characterized as anthropogenic on a global

scale,1 but these values may drastically change due to local scenarios, human

activities and the prevailing particle cut-off.

A condition of “air pollution” may be defined as a situation in which substances

that result from anthropogenic activities are present at concentrations sufficiently

high above their normal ambient levels to produce a measurable effect on humans,

animals, vegetation or materials.1

4.1 Gaseous Constituents

4.1.1 Sulfur Oxides

Sulfur oxides in the atmosphere are usually present as sulfurous anhydride or sulfur

dioxide (SO2) and sulfuric anhydride or sulfur trioxide (SO3). Sulfur dioxide is a

colourless, irritating, non-flammable, very soluble gas. It is one of the most aggres-

sive and dangerous pollutants; it derives from the oxidation of sulfur during com-

bustion processes. Health effects of sulfur oxides are prevalently linked to respiratory

system pathologies, but in high concentration they can cause asphyxiation.

The most used analytical technique for SO2 monitoring is based on fluorescence.

Excitation of sulfur dioxide molecules by ultraviolet radiation (UV) in the

190–230 nm region gives an emitting fluorescent radiation, whose wavelength

and intensity are directly proportional to the concentration of sulfur dioxide. The

main interfering compound is represented by polycyclic aromatic hydrocarbons: to

eliminate their effect, the analyzers are equipped with a permeation device which

selectively removes hydrocarbon molecules from the gas sample.6

4.1.2 Nitrogen Oxides

The most important nitrogen oxides, from an environmental point of view, are the

so-called NOx that indicates the sum of nitrous oxide or nitrogen monoxide
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(NO) and nitric oxide or nitrogen dioxide (NO2). NO is produced during high-

temperature combustion processes and comes principally from motor vehicle

exhaust and stationary sources. NO2 derives from the oxidation of NO in the

atmosphere and represents an intermediate in the production of several secondary

pollutants as ozone. Nitrogen dioxide is highly oxidant and toxic: it can irritate the

lungs and lower resistance to respiratory infections.

Nitrogen oxides are usually analyzed by a chemiluminescence technique. In this

method a gas-phase reaction between nitrogen monoxide and ozone produces

excited NO2 molecules (NO2*). Excited molecules emit light, as they return to

the ground state: the intensity of the emission peak at 1,200 nm is linearly

proportional to the concentration of nitrogen monoxide (NO). The chemilumines-

cent reaction occurs only between NO and ozone; therefore it is necessary to

convert nitrogen dioxide (NO2) to nitric oxide (NO). For this purpose, the analyzer

contains a molybdenum converter, heated at 315 �C: the sample gas flow intercepts

a switching valve, that periodically deviates it to the converter before entering the

reaction chamber. In these conditions, the analyzer measures the concentration of

NOx, as the sum of NO and NO2. NO2 concentration is obtained by the difference

between NOx and NO concentrations.7

4.1.3 Ozone

Ozone is a toxic gas, consisting of unstable molecules formed by three oxygen

atoms (O3); these molecules are easily broken releasing molecular oxygen (O2) and

an extremely reactive oxygen atom (O3!O2+O). Because of these properties,

ozone is an energetic oxidant, able to react both with organic and inorganic

materials. Ozone is present for more than 90 % in the stratosphere (10–50 km of

altitude) where it is produced by the solar ultraviolet radiation action. In the

stratosphere it protects us against UV radiation generated by the sun. As a result

of the atmospheric circulation it can be transported to a small extent also in the

lower atmosphere (troposphere), but it can also be produced as result of photo-

chemical reactions from primary pollutants. Health effects of excessive exposure to

ozone involve mainly the respiratory tract.

Ozone (O3) is often analyzed by a spectrophotometric method. The sample is

irradiated by UV light that is partially adsorbed by ozone. The decrease of light

intensity is registered by the detector and the ozone concentration is calculated

following the Lambert-Beer law. Since that calculus requires a reference state, the

Table 4.1 Typical analytical

techniques used to analyze

gaseous components of

atmosphere

Compound Analytical method

Sulfur oxides Fluorescence

Nitrogen oxides Chemiluminescence

Ozone Spectrophotometry
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analyzer is equipped with a device that removes O3, giving the reference and a

valve that permits the analyzer to shift from the measure and the reference mode.

In Table 4.1 a summary of the typical analytical techniques used to analyze gas in

atmosphere is reported.8

4.2 Atmospheric Aerosol

The principal chemical components of particulate matter (PM) are the following:

sulfate, nitrate, ammonium, mineral dust, sea salt, organic compounds and black or

elemental carbon; an example of the relative contribution of PM components is

represented in Fig. 4.2.

• Sulfate—a secondary component, usually originated from atmospheric oxida-

tion of SO2.

• Nitrate—product from the neutralization of nitric acid vapour by ammonia in the

form of ammonium nitrate (NH4NO3) or by the displacement of hydrogen

chloride from sodium chloride by nitric acid vapour, forming sodium nitrate

(NaNO3).

• Ammonium—usually present in the form of ammonium sulfate ((NH4)2SO4) or

nitrate (NH4NO3).

• Sodium and chloride—typical of coastal area, these components are coming

from sea salt.

• Elemental carbon—originated during high-temperature combustion of fossil and

biomass fuels.

• Organic carbon—carbon present in the form of organic compounds: could be

either primary, originated from traffic or industrial processes, or secondary,

resulting from the oxidation of volatile organic compounds.

• Mineral components—the coarse fraction is rich in aluminium, silicon, iron and

calcium.

• Water may also be present within water-soluble components, such as ammonium

sulfate, ammonium nitrate and sodium chloride. These chemicals are able to take

up water from the atmosphere at high relative humidity, thereby turning from

crystalline solids into liquid droplets.

In addition to the main components, many minor chemicals are present in

aerosol particles. Their concentration can be very low, but they have physical and

chemical characteristics that lead up to a great interest about their detection:

• Trace metals—lead, cadmium, mercury, nickel, chromium and zinc.

• Trace organic compounds—although the total mass of organic compounds can

constitute an important fraction of the whole mass of particles, the contribute of

each individual organic compound can be very small.9
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4.3 Inorganic Aerosol

In the last few years much attention has been given to the evaluation of the

elemental content of airborne particulate matter due to their detrimental effects

on human health. Many epidemiological studies have revealed that the degree of

adverse respiratory effects depends on the physical and chemical properties of

atmospheric aerosol.11–13 The particulate matter with an aerodynamic diameter

<10 μm (PM10) constitutes the inhalable fraction of aerosol, while the particulate

matter with an aerodynamic diameter <2.5 μm (PM2.5) could have more serious

toxic effects as it constitutes the breathable fraction of the aerosol. Under this

framework, European Commission (EC) legislation requires that member states

monitor the PM10 and the lead concentration in atmosphere.14 Furthermore the EC

has recently proposed the monitoring of other toxic elements such as arsenic,

cadmium and nickel in atmospheric particulate.15

Major and trace elements in particulate matter can be classified as natural (Na,

Mg, K, Ca, Si, Al, Mn, etc.) or anthropogenic (V, Cr, Mn, Ni, Cu, Zn, Cd, Pb, etc.).

The principal anthropogenic emission sources are attributed to fossil fuels: Cr, Mn

and Sb are good markers for this source as they are present in coal, while V, Ni and

Pb are emitted by fuel oil combustion. Industrial processes and non-ferrous mineral

extraction are important sources for Cd, Zn, Cu and Hg, while elements like Ni, Zn,

Pb and Cu are emitted during industrial processing of iron, cast iron and steel.

Elemental carbon

Not determined

Other soluble inorganic ions

NH4

NO3

SO4

Water-insoluble organic
compounds

Water-soluble organic
compounds

Water-insoluble inorganic
compounds

Fig. 4.2 Chemical balance on element constituents of aerosol mass in Italy (reproduced from (10)

with permission from Elsevier)
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Since the atmospheric particulate samples are often constituted of minute quan-

tities of dust (fractions of milligrams) collected onto large cellulose filters, total

sample digestion is widely used for trace element analysis. Various methods using

microwave-assisted digestion with different acid mixtures and different heating

programs are described in the literature.16–19 Yet in the total digestion of aerosol

samples, elements contained in the cellulose material as impurities, as well as the

large amounts of chemicals required, could give high blank levels and matrix

effects during analysis. Therefore a careful quality control and optimization of

the analytical procedure are crucial. Improvements in analytical techniques,

together with the increase in awareness of ultraclean procedures, have drawn on

reliable information about trace element concentrations in the different size ranges

of airborne particles. No matter how much air is drawn through a filter and despite

occasionally high particle loadings in the atmosphere, the amount of sample

available for chemical analysis is small.

Several analytical techniques can be used to quantify metals in the aerosol.

X-ray fluorescence (XRF) and proton-induced X-ray emission (PIXE) spectroscopy

quantify the concentrations of elements with atomic numbers ranging from

11 (sodium) to 92 (uranium). In addition to providing a large number of chemical

concentrations, neither XRF nor PIXE requires sample preparation or extensive

operator time after they are loaded into the analyzer. Filters remain intact after

analysis and can be used for additional analyses by other methods. Inductively

coupled plasma (ICP) and instrumental neutron activation analysis (INAA) are as

commonly applied to aerosol samples as XRF and PIXE. ICP requires destroying

the filter, and INAA wads up the filter and makes it radioactive. These analyses are

useful in certain applications owing to lower detection limits for some species used

in source apportionment studies. Atomic absorption spectrophotometry (AAS) is

useful for few elements, but it requires a too great dilution of the sample to be an

effective technique when many different elements are to be measured. Ionic

species, that are soluble in water, are important constituents of secondary aerosol,

and can often be used to distinguish among pollution sources, as in the case of

soluble potassium for wood smoke. Several simple ions, such as sodium, magne-

sium, potassium and calcium, are best quantified by ICP-optical emission spec-

trometry (ICP-OES). Generally lower elemental limits of detections are obtained

using a microwave digestion procedure associated with an inductively coupled

plasma mass spectrometry (ICP-MS) determination.

Polyatomic ions, such as sulfate, nitrate, ammonium and phosphate, must

be quantified by other methods such as ion chromatography (IC). Ion analysis

methods require filters to be extracted in deionized distilled water and then

filtered to remove the insoluble residue. The extraction volume needs to be

as small as possible, lest the solution become too dilute to detect the desired

constituents (Table 4.2).
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4.4 Organic Aerosol

In the lower atmosphere the main components of PM are the following: highly

water-soluble inorganic salts, insoluble mineral dust and carbonaceous material,

including soluble and insoluble organic compounds and elemental carbon.

A complete characterization of the organic fraction of PM is extremely difficult

because of the high variability of physical properties and reactivity associated to

both natural and anthropogenic particles. The best knowledge on the effects of

organic compounds on climate and health can be achieved by the study of the

distribution, lifetime and removal mechanisms. As atmospheric organic compounds

are present in both the gaseous and condensed phases, the investigation of the

gas-particle partitioning of such compounds becomes crucial.20

The most studied organic compounds in the aerosol are the persistent organic

compounds (POPs) as polychlorinated dibenzo-p-dioxins and furans (PCDD/Fs),

polychlorinated biphenyls (PCBs), polychlorinated naphthalenes (PCNs),

polybrominated diphenyl ethers (PBDEs) and polycyclic aromatic hydrocarbons

(PAHs).

If compared with other environmental compartments, the atmospheric burden of

POPs is relatively small, but air is considered the most important vehicle for their

global redistribution. POPs can persist in the environment for a long time; they are

affected by long-range transport and their presence has been discovered in remote

environments such as Arctic21,22 and Antarctica.23–25

Gas chromatography-mass spectrometry (GC-MS) is the most common analyt-

ical technique used to identify and quantify organic compounds in atmospheric

aerosol. The usefulness of GC resides in the very wide range of compounds that can

be separated on a single column and on the easy online coupling to mass spectrom-

etry (generally electron-impact quadrupole). This method has been precious in

revealing that PM contains a very large number of different organic compounds.

Because of the convenience of GC methods, liquid chromatography (LC) has

seldom been used for the study of organic aerosols. LC methods employ a very wide

Table 4.2 Typical analytical techniques used to analyze inorganic components of atmosphere

Analytical method Characteristics

X-ray fluorescence (HRF) No sample preparation

Proton-induced X-ray emission (PIXE) Non-destructive

Inductive coupled plasma (ICP) Destructive

Low detection limit

Instrumental neutron activation analysis (INAA) Makes the filter radioactive

Low detection limit

Atomic adsorption spectroscopy (AAS) Useful only for few elements

Inductive coupled plasma-optical emission spectrometry

(ICP-OES)

Useful for simple ions (Na,

Mg, K, Ca)

Inductive coupled plasma-mass spectrometry (ICP-MS) Low detection limit
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range of different kinds of columns and solvents with different compositions, while

using GC methods a single column and a change in temperature can give a good

separation of compounds. On the other hand GC-MS appears capable of accounting

for only about 25 % of organic compounds in several locations; so LC-MS should

be considered a good alternative for those compounds that cannot be identified by

GC methods, like water-soluble organic compounds (WSOCs) in the aerosol.20

Recently a lot of studies are focusing on biomass burning evaluation in aerosol.

Important WSOCs from biomass burning are the monosaccharide anhydrides

(MAs), and the most important tracer compound among them is levoglucosan

(1,6-anhydro-β-D-glucopyranose) with small amounts of galactosan (1,6-anhydro-

β -D-galactopyranose) and mannosan (1,6-anhydro- β -D-mannopyranose). Even

though the MAs and, in particular, the levoglucosan content in organic aerosols

have been the topic of many studies, a diversity between the methodologies for the

chemical analysis has been observed.

Various chromatographic techniques have been used for MA analysis including

gas chromatography-mass spectrometry (GC-MS) after derivatization and high-

performance liquid chromatography (HPLC) by various detectors,26–28 among

which high-resolution mass spectrometry was included (Table 4.3).29 Schkolnik

and Rudich,30 in a review on detection and quantification in atmospheric aerosols,

report that GC with mass spectrometer as detector is the most commonly used

method for levoglucosan quantification, despite requiring long preparation time and

dry conditions. Recently alternative methods using HPLC with mass spectrometric

detection have been proposed, and great efforts have been directed toward simple,

fast, precise, accurate and possibly direct analytical methods. Engling et al.31 report

a high-performance anion-exchange chromatography method with pulsed ampero-

metric detection for the determination of anhydrosugars in smoke aerosol that

requires minimal sample preparation. Dixon and Baltzell26 investigating HPLC

with aerosol charge detection for the analysis of the main MAs in atmospheric

aerosols reported for levoglucosan a limit of detection (LOD) lower than the lowest

LODs listed by Garcia et al.32 using electrophoretic microchip with pulsed amper-

ometric detection (CE-PAD) and by Schkolnik et al.30 using ion-exclusion HPLC

and spectroscopic detection but higher than electrospray ionization (ESI-MS) and

high-performance anion-exchange chromatography (HPAEC) with pulsed amper-

ometric detection (PAD). A recent work determined phenolic compounds (PCLCs)

in atmospheric aerosols at trace levels using liquid chromatography electrospray

ionization tandem mass spectrometry (HPLC/(-)ESI-MS/MS).33

Table 4.3 Typical analytical

techniques used to analyze

organic components of

atmosphere

Compound Analytical method

POPs GC-MS

MAs GC-MS after derivatization

HPLC-MS and other detectors
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4.5 Conclusions

The atmosphere is a very complex mixture of chemicals. Some of them, both in

gaseous and in particulate phase, can affect environment, climate and human

health, so the development of newer and more specific techniques that permit to

quantify pollutants in a fast and accurate way is very important. Among the gaseous

constituents of atmosphere, sulfur oxides, nitrogen oxides and ozone are the most

commonly monitored: for these chemicals European Regulations established spec-

trophotometric, luminescence and chemiluminescence techniques, respectively,

because of their velocity and convenience. For monitoring purpose electrochemical

sensors are likewise used; in addition to an accurate and rapid determination, the

miniaturization of the sensors gives the possibility to obtain portable devices, very

useful for in situ determinations. Despite the atmosphere is mainly composed by

gases, it is very important to consider also the particulate matter in the environ-

mental and health risk assessment. The predominant chemical components of PM

are sulfate, nitrate, ammonium, sea salt, mineral dust and organic and elemental

carbon; minor chemicals are trace metals and trace organic compounds. Different

analytical techniques can be employed to investigate the inorganic part of aerosol:

metals are historically analyzed by electrochemical stripping analysis using anodic

stripping voltammetry (ASV) that gives simplicity, inexpensive, portability and

accurate determination to the metal detection (see Chap. 10 vol 1 and Chap. 5

vol 2). Depending on the purpose of the analysis metals can be alternatively

determined with X-ray fluorescence (XRF), proton-induced X-ray emission

(PIXE) spectroscopy, inductive coupled plasma (ICP), instrumental neutron acti-

vation analysis (INAA) or atomic absorption spectroscopy (AAS). Several simple

ions are best quantified by ICP-OES (optical emission spectrometry) or ICP-MS

(mass spectrometry), while polyatomic ions must be analyzed by ion chromatog-

raphy (IC). The most studied organic chemicals in aerosol are the persistent organic

compounds (POPs), usually identified by gas chromatography-mass spectrometry

(GC-MS). Immunosensors for the quantification of POPs have also been developed

(see Chap. 13). Liquid chromatography (LC) can be useful for the determination of

water-soluble organic compounds (WSOCs), including the monosaccharide anhy-

drides (MAs), which are biomass-burning markers in atmosphere. To quantify MAs

several techniques have been improved: GC-MS after derivatization and high-

performance liquid chromatography (HPLC) coupled with various detectors.
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Chapter 5

Biosphere

Adela Maghear and Robert Săndulescu

5.1 Chemical and Electrochemical Sensors in LivingWorld

Living world offers a lot of examples of sensors consisting in biological receptors

(proteins, nucleic acids, signaling molecules) located everywhere, in the cell

(nucleus, mitochondria, cell membrane), in all the tissues, in organs, or even in

the circulating bloodstream. Muscular and nervous activities are accompanied by

electrical currents which can be measured by electrocardiography or electroenceph-

alography, for example. The transmission of the nervous stimuli represents in fact a

true electrochemical process, during which an electrical current is carried all along

the neuronal axon to the synapse, where a chemical entity (acetylcholine, adrena-

line, etc.) is released. This chemical species passes through the synapse space where

it is discharged to the next neuron, generating a new electrical current, in picosec-

onds, or even in a shorter time. In fact, the whole metabolism, cell division, growth

and apoptosis, immune response by antibody synthesis, or even pathologic pro-

cesses like inflammation are controlled by an outstanding network of receptors and

signaling molecules in a sensor-actuator manner. This extremely important feature

is common to all living organisms, from microorganisms like viruses and bacteria,

to the plant and animal world. In other words, one can say that electrochemistry is

surrounding and controlling us in every moment.

Mitochondria are the power plants of the living cell; their most important roles

are to produce the energy of the cell, adenosine triphosphate (ATP) (i.e., phosphor-

ylation of adenosine diphosphate (ADP) by a chain of reactions known as the citric

acid cycle or the Krebs cycle) through respiration, and to regulate the cellular

metabolism (Fig. 5.1).1
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The outer protein-phospholipidic mitochondrial membrane contains a large

number of integral proteins called porins, which form channels that allow relatively

small molecules (5,000 Da or less in molecular mass) to freely diffuse from one side

of the membrane to the other.2 Larger proteins are transferred by the protein of the

outer membrane called translocase which binds a signaling sequence at their

N-terminus, and actively moves them across the membrane.3

The intermembrane space situated between the outer membrane and the inner

membrane has the same composition as the cytosol, because the outer membrane is

freely permeable to small molecules. Large proteins (cytochrome c) must have a

specific signaling sequence to be transported across the outer membrane.4

The inner mitochondrial membrane contains proteins2 that perform the redox

reactions of oxidative phosphorylation, generate ATP in the matrix (ATP synthase),

regulate the metabolite passage into and out of the matrix by specific transport, and

allow the protein passage across the inner membrane (inner membrane translocase),

the protein fusion, and fission.

The production of ATP is achieved by glucose, pyruvate, and NADH oxidation

in the presence of oxygen (aerobic respiration). In the absence or in the presence of

limited amounts of oxygen, the glycolytic products will be metabolized by anaer-

obic fermentation using alternative substrates such as nitrite.5

Pyruvate produced by glycolysis is actively transported across the inner mito-

chondrial membrane into the matrix where it is oxidized and combined with

coenzyme A to form CO2, acetyl-CoA, and NADH.

Fig. 5.1 Mitochondrial tricarboxylic acid (TCA) cycle or Krebs cycle
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During Krebs cycle acetyl-CoA is oxidized to carbon dioxide. The reduced

cofactors (three molecules of NADH and one molecule of FADH2) that result

from the Krebs cycle are a source of electrons for the electron transport chain,

and the molecule of guanosine triphosphate (GTP) is converted to ATP.1

Protein complexes in the inner membrane (NADH dehydrogenase, cytochrome c

reductase, and cytochrome c oxidase) transfer the redox energy from NADH and

FADH2 to O2 in several steps via the electron transport chain. The released energy

is used to pump H+ into the intermembrane space. Electrons may also reduce

oxygen, forming reactive oxygen species such as superoxide, which is a cause of

oxidative stress associated with the aging process.6

A strong electrochemical gradient occurs across the inner membrane, as the

proton concentration increases in the intermembrane space. The protons can return

to the matrix through the ATP synthase complex, their energy being used to

synthesize ATP from ADP and inorganic phosphate.1

Living organisms developed outstanding and very complex networks of biolog-

ical sensors distributed all over, from single cells and tissues to specialized organs

like the eyes, ear, skin, nasal mucous, or tongue. The skin-sensitive fibers are in fact

the dendrites of the sensitive neurons that emerge from spinal ganglions and receive

external signals like pressure, coldness, or heat. These signals are sent to and from

the brain through efferent and afferent neurons. Transmission of nerve impulses

constitutes the most convincing example of electrochemistry in the living world.

Neurons do not touch each other; a gap called a synapse or synaptic cleft
separates the axon of one neuron and the dendrites of the next neuron. All the

signals must cross the synapse to continue on its path through the nervous system.

In the brain, the nervous impulse is carried across synapses by electrical conduc-

tion, while in other parts of the body impulses are carried across synapses by an

electrochemical process. When an impulse comes, the membrane at the end of the

axon depolarizes, opening the gated ion channels, and calcium ions are allowed to

enter the cell. The presence of calcium ions determines the release into the synapse

of a chemical species called neurotransmitter which moves across the synapse and

binds to specific receptors (different proteins serve as receptors for different

neurotransmitters) on the postsynaptic neuron membrane that is about to receive

the impulse.

Excitation or inhibition depends on the neurotransmitter and the receptor. For

example, if the neurotransmitter causes the opening of the Na+ channels, the neuron

membrane becomes depolarized and the impulse is carried through that neuron. If

the K+ channels open, the neuron membrane becomes hyperpolarized and inhibition

occurs.

When a neuron is not stimulated its membrane is polarized; the outside of the

membrane containing Na+ ions is positively charged while the electric charge on

the inside of the membrane containing K+ ions, negatively charged proteins, and

nucleic acid molecules is negative. The neuron is inactive and polarized until a

stimulus comes. Then, the Na+/K+ pumps on the membrane pump the Na+ back

outside the membrane and the K+ back inside.
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When a stimulus occurs, the neuron is depolarized; the gated ion channels on the

resting neuron’s membrane open suddenly and allow the Na+ that was outside the

membrane enter the cell, which becomes positively charged. Polarization is

removed and the threshold level is reached. When the stimulus goes above the

threshold level, more gated ion channels open allowing more Na+ inside the cell.

Like this, complete depolarization of the neuron is achieved, an action potential is

created, and the stimulus will be transmitted.

Once the inner space of the cell is occupied by Na+, the Na+ gates close and the

K+ gated ion channels of the cell membrane open allowing K+ to move to the

outside space. Thus, the electrical balance (the repolarization of the membrane) is

restored, but at this time the repolarized membrane has Na+ on the outside and K+

on the inside.

The membrane potential when K+ gates finally close is lower than the resting

potential, and the membrane is hyperpolarized because the neuron has slightly more

K+ on the outside than it has Na+ on the inside. After the impulse has passed through

the neuron, the action potential is over, and the cell membrane returns to the resting

potential.

The Na+/K+ pumps will return the ions to their rightful side of the neuron’s cell

membrane; the neuron returns to its normal polarized state and stays in the resting

potential until another impulse occurs. During this period called refractory period,

the neuron does not respond to any incoming stimulus.

Signals are sent along the neuronal axon as electrochemical waves (called action

potentials) producing cell-to-cell signals where axon terminals make synaptic

contact with other cells. Synapses may be electrical or chemical, the last ones

being much more common and diverse in functions.7,8 The neuron that sends the

signals is called presynaptic neuron, and the one that receives the signals is called

postsynaptic neuron. In the presynaptic area are located numerous microvesicles

containing chemical molecules, called neurotransmitters. When the presynaptic

terminal is electrically stimulated, the contents of the vesicles are released into

the synaptic cleft. The neurotransmitter binds to the receptors located in the

postsynaptic membrane, which will be activated. As a consequence, the resulting

effect on the postsynaptic cell can be excitatory, inhibitory, or modulatory,

depending on the type of receptor (Fig. 5.2). For example, the release of the

neurotransmitter acetylcholine at a synaptic contact between a motor neuron and

a muscle cell induces rapidly the muscle contraction, the entire synaptic transmis-

sion process taking only a fraction of a millisecond.7

Over a hundred neurotransmitters are known nowadays, many of them having

multiple types of receptors. Among the well-known neurotransmitters are mono-

amines (dopamine, norepinephrine, epinephrine, histamine, serotonin), amino acids

(glutamate, aspartate, D-serine, gamma-aminobutyric acid (GABA), glycine), pep-

tides (somatostatin, P substance, opioid peptides like endorphins), and some others,

such as acetylcholine, adenosine, anandamide, nitric oxide, hydrogen sulfide, and

carbon monoxide.9

Acetylcholine (Ach) can be found in the central nervous system, neuromuscular

junctions, spinal cord, and preganglionic and motor neurons. Neurological and
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neuropsychiatric diseases, such as Alzheimer’s disease, Parkinson’s disease, pro-

gressive dementia, and schizophrenia, may occur due to acetylcholine accumula-

tion in nervous tissue without being metabolized. This fact explains the

considerable interest for its determination in vitro and in vivo, but unfortunately,

Ach is neither easily oxidizable/reducible, nor possesses structural characteristics

(electroreactive, chromophore, or fluorophore groups) in order to allow a sensitive

detection by electrochemical, spectrophotometric, or fluorometric methods.

Sattarahmady et al. investigated the electrocatalytic oxidation of Ach by

cyclic voltammetry, steady-state polarization measurements, and chronoam-

perometry on a nickel nanoshells-carbon microparticles-Nafion nanocomposite.10

The nanocomposite-based Ach biosensor showed a sensitivity of

48.58� 0.52 mAM�1 cm�2 and a limit of detection of 49.33 nM. The same

group reported the electrocatalytic oxidation of Ach on two different copper-

based transducers, a copper microparticle-modified carbon paste electrode (CPE)

and a copper nanoparticle-modified CPE.11

Generally, synapses use more than one neurotransmitter, in most cases a fast-

acting small-molecule neurotransmitter, such as GABA or glutamate, together with

one or more neurotransmitters with slower acting modulatory like peptides.7,8

Receptors can be divided into two main types: chemically gated ion channels

and second messenger systems. When a chemically gated ion channel is activated,

it allows specific types of ions to flow across the membrane, the effect on the target

cell being excitatory or inhibitory, depending on the ion type. When a second

messenger system is activated, a chain of molecular interactions starts inside the

target cell, resulting in a wide variety of complex effects (i.e., the increase or

decrease of the cell sensitivity to stimuli).

Both glutamate and GABA have several widely occurring receptor types, but all

of them are excitatory or modulatory for glutamate and inhibitory for GABA.12

Axonal transport occurs along the cellular cytoskeleton, which is the neuron

structural support, allowing the cell to grow or change in size and shape over time.

There are three major components of the neuronal cytoskeleton: microtubules,

actin, and intermediate filaments. Neurons are uniquely dependent on the

microtubule-based transport and the deficits in axonal transport contribute to

pathogenesis (neurodegenerative diseases, like amyotrophic lateral sclerosis). The

motor, cytoskeletal, and adaptor proteins involved in the axonal transport, in the

disruption of axonal transport, and the pathways that may cause neuronal dysfunc-

tion and death are described in a review by Chevalier-Larsen and Holzbaur.13

An electrochemical strategy to investigate the 1,4-naphthoquinone effect on

voltage-gated potassium channels was recently reported by Rodrı́guez-Fernández

et al.14 Naphthoquinone (NQ) was tested on voltage-gated ion channels expressed

in Xenopus laevis oocytes by cyclic voltammetry. A typical two-stage mono-

electronic reduction mechanism was observed in dimethylsulfoxide (DMSO),

while a one-stage bielectronic reduction process was found in physiological

supporting electrolyte ND-96 (NaCl, 96 mM; KCl, 2 mM; CaCl2, 1.8 mM;

MgCl2, 1 mM; and HEPES buffer, 5 mM; pH adjusted to 7.0 with NaOH).

The structural features, such as aromaticity and substituents, prone to hydrogen
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bond formation of NQs, are important, together with the NQ interactions with some

channel residues which favors their reduction process in the protein surroundings.

5.2 Electrochemical Sensors for Flora and Fauna on Earth

Biosphere comprises all living organisms on earth; this is why it represents the most

dynamic and fragile “sphere” of our planet, being strongly influenced by all other

“spheres,” soil, water, and air. Terrestrial flora and fauna are the main components

of the biosphere, but it can be considered that microorganisms (bacteria, viruses,

etc.) and human community have their particular features and should be treated

separately. Human community brings its main contribution to the pollution of all

spheres through industrial and domestic activity, but in the same time one of its

main concerns is fighting against environmental pollution by coordinated actions.

Biosphere represents also the most complex and heterogeneous sphere by com-

parison with air, water, and soil, which are relatively “homogeneous,” and, there-

fore, it makes it difficult to characterize. The great variety of living organisms

(microorganisms, plants, animals) makes the assessment of both normal and abnor-

mal “composition” of this sphere almost impossible. So each case should be treated

separately and set in the general context of the biosphere and the whole environment.

The normal behavior and environmental conditions for a particular living species,

plant or animal, in relation with other environmental factors (soil, air, or water)

represent an interesting topic. Another topic consists in either the environmental

factors or pollutants that affect or damage the living species, or in how the environ-

ment is affecting particular species. Some important features here are the continuous

deforestation (especially in equatorial areas, such as Amazonia) and desertification

caused by intensive agriculture which seriously affect terrestrial atmosphere.

Another worrying matter is represented by carbon dioxide emissions caused by the

intensive cattle livestock and the so-called greenhouse effect (taking into consider-

ation the important amount of CO2 that a single cow “produces” per year).

Two different approaches describe the electrochemical sensors for vegetal and

animal organisms: sensors able to detect the presence, the movement, and the

number of organisms in a given environment, or sensors able to detect a large

variety of normal or pathologic parameters in living organisms.

The representative techniques currently applied for an efficient, specific, rapid

detection of viruses are described by Caygill et al.15 Among them, electrochemical

biosensors based on amperometric, potentiometric, and impedance measurements,

optical biosensors that use surface plasmon resonance, optical fibers and piezoelec-

tric biosensors based on microcantilevers, and recently the use of nanoparticles and

novel nanomaterials as alternate recognition surfaces have been widely applied.

Cheran et al.16 reported the current techniques employed for the transduction and

processing of cellular signals, both for single-cell behavior and populations of cells.

Electrochemical methodology (transistor and impedance methods), optical (light

addressable potentiometry), and vibrational methods (transverse acoustic wave
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methodology and Kelvin nanoprobe) were employed for examining populations of

neurons, smooth muscles, and human red blood cells on a substrate in a label-free

manner.

The use of microtechnology to develop new micro-fabricated electrode struc-

tures able to manipulate sub-micrometer particles by means of a nonuniform AC

electric field was described by Abonnenc et al.17 The microchip could integrate

manipulation of living cells under software control without affecting the viability of

living organisms, and allowed their recovery after having performed complex

operations, offering like this a powerful tool for the development of new diagnostic

and therapeutic protocols.

The sensors able to detect a great variety of normal or pathologic parameters in

living organisms are designed for three main types of pollutants: chemical, micro-

biological, and genetic.

Some examples in this way are the electrochemical microsensors for Cd(II) and

Pb(II) detection in plants18; the real-time electrochemical detection of extracellular

nitric oxide in tobacco cells as a potent regulator of major processes including

germination, root growth, stomatal closure, flowering, and adaptive responses to

biotic and abiotic stresses19; a DNA electrochemical biosensor based on

2,6-pyridinedicarboxylic acid film and gold nanoparticles on the glassy carbon

electrode (GCE) for electrochemical impedance spectroscopic detection of the

sequence-specific DNA related to the PAT transgene in transgenic plants20; or an

electrochemical sensor array for monitoring the proliferation effects of Cissus
populnea plant extracts on TM4 Sertoli.21 Some organisms, such as blue-green

algae (cyanobacteria), can produce and deliver in water toxic metabolic products

for the aquatic organisms and humans, which can be detected and quantified by a

phycocyanin sensor.22

Environmental monitoring based on whole-organism bioassays and biological

early warning systems (BEWS) is lately considered to replace standard expensive

chemical analysis. The tests must accomplish some basic conditions like to be

simple, based on standardized protocols, predictive, low cost, and applicable to

species, populations, and communities. They also need to be sensitive to a wide

range of chemicals with minimal matrix effects.23

Whole-organism bioassays are based on the measurement of the biological

response (acute or chronic toxicity) of a test organism to contaminants present in

a water sample (e.g., drinking, ground, surface, or wastewater effluent) in a stan-

dardized test usually conducted in the laboratory.24 Several test species covering

most of the different trophic levels in freshwater and/or estuarine/marine environ-

ments may be employed, the use of multiple test species and trophic levels being

usually recommended because each species shows specific sensitivity to different

chemicals or classes of compounds.24,25

The usually measured parameters are bioluminescence, metabolic status, or

growth, when microorganisms at the base of the trophic chain, such as Vibrio
fischeri or Pseudomonas putida, are used.26

Other parameters, like the reduction in photosynthetic activity (by measuring

fluorescence) or the growth rate inhibition, can be considered if phototrophic
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organisms, such as green algae (Selenastrum capricornutum or Pseudokirchneriella
subcapitata), are employed. The use of dormant organism technology (e.g., algae or

daphnid Daphnia magna) allows a simplified, rapid, and cost-effective test without

the inconvenience of cell cultures, which are much more expensive.27,28 Thus, the

detection of specific effects of herbicides which can affect either photosynthesis

systems I or II29 can be achieved.

Chronic toxicity testing using invertebrates is usually based on growth rate or

survival of amphipods (e.g., Hyalella azteca or Gammarus), chironomid larvae

(Chironomus riparius), daphnids, oysters (Crassostrea gigas), and many other

organisms under controlled conditions.26,30 Bigger organisms such as fish are

used for risk assessment, larval/embryonic development rate, fish lethality, or

growth rate being the toxicity endpoints used in these assays.24

Biomonitoring using BEWS is based on the toxicological response of an organ-

ism to a contaminant or mixture of contaminants.31 Many organisms, including fish

species,32,33 daphnia, midge larvae, microorganisms (e.g., algae and bacteria),34

bivalve mollusks (e.g., various species of mussels), or even combinations of these

test organisms35 have been used as BEWS.

BEWS applications include monitoring of drinking water intakes, water distri-

bution systems, wastewater effluents, effluents from contamination sites,36,37 or

river basin monitoring,38 and provide a rapid evaluation of water quality and

toxicity that cannot be achieved through other analytical methods.

Generally, BEWS consist of a living organism, a sensing element to detect

changes in the test organism, and a processing element to translate the signal

from the sensing element into a warning response system. The species commonly

used are the rainbow trout (Oncorhynchus mykiss) or the bluegill (Lepomis
macrochirus).39 The secondary sensing system is composed of electrodes immersed

close to the fish to monitor changes in electrical voltage associated with gill muscle

activity.32 Swimming and positioning behavior, or the ability to swim against

current and ventilation frequency, are regularly employed.33,39 Algal monitors are

based on fluorescence, oxygen production measurements, and growth rate moni-

toring and can detect the effects from herbicides or other toxicants that interact with

chlorophyll photosynthetic systems.34 Measurements based on respiration,

pumping, and heart rates of bivalve mollusks, such as the freshwater zebra mussel

(Dreissena) or the marine blue mussel (Mytilus edulis),40 have been tested, even

though valve closure or movement responses are defense mechanisms used by

bivalves to avoid stress such as contaminated water.41 Behavioral changes of

Tubificids worms have also been undertaken.42

The exploitation of BEWS depends on the data treatment and coordination of

response measures to pollution events in order to mitigate their environmental

impact,43 but also on the improvement in data transfer and on personal computers,

the use of online chemical monitoring systems (e.g., SAMOS) being a crucial factor.

A particular category of electrochemical sensors is the sensors able to detect the

great variety of normal or pathologic parameters of living organisms. They can be

designed either for analytical laboratory conditions, like any other type of sensor, or

to be used in vivo, like implantable sensors. In the latter case, issues like their size,
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shape, biocompatibility, and lifetime are crucial and will be discussed together with

some examples of implantable sensors recently reported in scientific literature.

A broad variety of pharmaceuticals relying on nanoparticles has been reported

for both drug delivery and diagnosis tasks.44 Pharmaceutical products gave rise to

new opportunities in directions such as topical and transdermal delivery owing to

their ability to penetrate through human tissues, implantable release systems for

tissue engineering applications, and ophthalmic delivery in which drug release can

be externally controlled by stimuli-responsive nanocomponents.45–49

Microdialysis is known as a powerful sampling technique that makes it possible

to continuously monitor the concentrations of biological molecules and other sub-

stances both in vivo and in vitro.50 Microdialysis sampling was first applied in the

area of neuroscience research,51 and then it has been extensively employed for other

pharmaceutical applications, such as the investigation of the transdermal delivery

of drugs,52 tissue pharmacokinetics,53 and regional metabolism of drugs in tis-

sues.54,55 Microdialysis probes have been placed in virtually every tissue and organ

in the body, including the liver,56,57 heart,58,59 skin,54,60 blood,61,62 placenta,63

stomach,64,65 and ear.66

The mechanism of microdialysis sampling was also explored. Therefore, the

probe containing a dialysis membrane with a specific molecular mass cutoff,

implanted in the physiological region of interest, is perfused with a fluid that is

similar in ionic strength and composition to the extracellular fluid being sampled.

Small molecules in the extracellular fluid can diffuse across the membrane based on

their concentration gradient and are then transported to the analysis system. In this

way, the compounds in the perfusate that are not present in the extracellular fluid

can be delivered directly to the physiological site of interest.50 Therefore, com-

pounds from a single tissue site can be both delivered and recovered. This was

proved to be very useful for looking at site-specific release of neurotransmitters,50

observing regional metabolism of neuropeptides,67,68 or comparing the metabolism

of antineoplastic agents in tumor vs. healthy tissue.69

For neurochemical studies, probes are generally composed of stainless steel and

are implanted into the specific brain region of interest using a guide cannula.

Typical probes used for rat brain studies are normally 15 mm long with a diameter

between 200 and 500 μm. The dialysis membrane, from 1 to 4 mm in length, is

located at the end of the concentric cannula.50

A probe designed for blood sampling was first described by Telting-Diaz et al.70

and consisted of two pieces of fused silica tubing attached to the dialysis membrane.

This probe was so flexible that it could bend when the animal moved, minimizing

any blood vessel damage. Online microdialysis–biosensor systems need low sample

volumes (μL) if high temporal resolution is required.50 Also, high sensitivity and

specificity for the analyte(s) of interest in the presence of other endogenous

electroactive analytes are mandatory.71 A flow-through biosensor was reported

for direct coupling to continuous low-flow microdialysis. Analyte selectivity for

glucose and lactate could be achieved by using immobilized oxidoreductase

enzymes followed by amperometric detection of hydrogen peroxide.72
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Online microdialysis sampling coupled to biosensors was reported for analytes

such as ascorbate,73 glucose, lactate,74,75 and glutamate.74,76,77 The simultaneous

monitoring of glucose and lactate in rats under hypoxic conditions was also

achieved.78 An online system for multianalyte in vivo monitoring was described

by Yao et al. and consisted of a triple-enzyme electrode that selectively detected

glucose, L-lactate, and pyruvate without significant cross-reactivity.79 Similar flow

injection-based online systems were reported for L-glutamate, acetylcholine, dopa-

mine,80 and D-/L-lactic acid.81

An online system for glucose and lactate to monitor ischemic events in freely

moving rats was also developed. The analytes were monitored by flow injection

analysis with enzyme-based amperometric detection.82 Glucose monitoring was

achieved in an awake rabbit using a flow-through sensor with chemiluminescence

detection.83 Online monitoring of glucose and lactate from rat brain was also

performed following ischemia and reperfusion. In this case, the sensor employed

methylene green adsorbed on single-walled carbon nanotubes for detection.84

Few studies have used carbon nanotube sensors in biological samples. By

reducing the size of the electrodes, as many are based on larger GCEs or CPEs,

so they are compatible with tissue implantation or the size of cells; more applica-

tions can be found in this direction. Due to the fact that dopamine and other

catecholamines are not expected to be present at high levels in plasma or urine,

studies should focus on examining tissue from the nervous system or investigating

release from cells. Moreover, the low basal levels of dopamine (10 nM) and other

neurotransmitters make sensitivity a particular challenge.85

Another concern for in vivo use of carbon nanotube-based sensors is their

toxicity. Even carbon nanotube toxicity has not yet been fully characterized;

many present studies find that CNTs aggregate together, generally in the liver,

spleen, and lung tissue. CNT aggregates might have similar carcinogenic properties

to asbestos fibers.86–88

The extracellular recording of bioelectric signals was proved to be widely

achieved by microelectrode electrophysiology. By replacing the traditional electrode

conductors with highly flexible electroconductive polymers, non-cytotoxic and

biostable all-polymer microelectrode arrays able to reliably capture action potentials

and local field potentials from acute preparations of heart muscle cells and retinal

whole mounts, in vivo epicortical and epidural recordings, as well as during long-

term in vitro recordings from cortico-hippocampal cocultures could be achieved.89

By using organic conjugated polymers that use both electrons and ions as charge

carriers of the nervous system, a series of novel communication interfaces between

electronic components and biological systems was developed. An organic elec-

tronic ion pump made of the polymer–polyelectrolyte system poly

(3,4-ethylenedioxy thiophene):poly(styrenesulfonate) able to translate electronic

signals into electrophoretic migration of ions and neurotransmitters was

described.90 Therefore, it was demonstrated how spatiotemporally controlled deliv-

ery of ions and neurotransmitters can be used to modulate intracellular Ca2+

signaling in neuronal cells in the absence of convective disturbances. In this way,

the amplitude and frequency of Ca2+ responses can be strictly controlled due to the
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electronic control of delivery, which can be used to generate temporal patterns

mimicking naturally occurring Ca2+ oscillations. By developing an electrophoretic

chemical transistor, an analog of the traditional transistor used to amplify and/or

switch electronic signals, the further control of the ionic signals was enabled.

Finally, the organic electronic ion pump could be used in a new “machine-to-

brain” interface by modulating brainstem responses in vivo.90

In spite of its disadvantages, platinum has been used for nonenzymatic detection

of blood glucose. One of the drawbacks of the platinum electrode is its catalytic

activity for the electrochemical oxidation of glucose drops which can be seriously

affected by the chloride ion present in physiological fluids.91,92 On the other hand,

amino acids,93,94 biochemicals like ascorbic acid, creatinine, epinephrine, and

urea94 in blood can destroy the platinum electrode. In this way, if blood proteins

occupy the catalytic sites on the platinum surface, the detection of glucose on

platinum will be deteriorated.96 Due to the fact that glucose oxidation can be

inhibited by many biochemicals and amino acids in blood,95 this can lead to a

loss of sensitivity when glucose is detected with platinum.96

A system for continuous estimation of blood glucose in fish was developed by

Yonemori et al.97 The eyeball scleral interstitial fluid (EISF) was used as the site of

sensor implantation and the relationship between EISF and blood glucose concentra-

tions was evaluated, revealing that blood glucose concentrations were closely corre-

lated with the EISF glucose concentration. A needle-type enzyme sensor for

implantation in the fish sclera using a flexible wire electrode was then prepared.

The sensor provided a rapid response, good linearity, and reproducibility. Continuous

glucosemonitoring could be carried out by implanting this needle-type glucose sensor

onto the eye. An accurate glucose monitoring could be achieved for over 160 min.

A hybrid biological fuel cell (HBFC) comprising a microbial anode for lactate

oxidation and an enzymatic cathode for oxygen reduction was developed and then

tested in a marine environment. A laboratory-cultivated Shewanella oneidensis
DSP-10 was fixed on a carbon felt electrode via a silica sol–gel process in order to

catalyze anodic fuel cell processes. The cathode electrocatalyst consisted of biliru-

bin oxidase, fixed to a carbon nanotube electrode using a heterobifunctional cross-

linker, and then stabilized with a silica sol–gel coating. The HBFC maintained a

reproducible open-circuit voltage >0.7 V for 9 days in laboratory settings and

sustained electrocatalytic activity for >24 h in open environment tests.98

A chitosan-modified carbon fiber microelectrode for in vivo detection of sero-

tonin was described. It was demonstrated that chitosan has the ability to reject

physiological levels of ascorbic acid interferences and facilitate selective and

sensitive detection of in vivo levels of serotonin. In vivo results demonstrated

that the chitosan-modified electrode could measure serotonin produced in the

zebrafish intestine with high spatial and temporal resolution. A serotonin concen-

tration of 30.8 (�3.4) nM could be recorded in vivo with the implanted chitosan-

modified microelectrode in normal physiological conditions. Due to its inherent

biocompatibility and remarkable adherence, chitosan was proved to be an excellent

coating for use in implantable sensors, able to selectively detect and monitor levels

of in vivo neurotransmitters.99
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5.3 Sensors for Monitoring Agriculture, Food,

and Drug Quality

In order to provide accurate information on crop, soil, climate, and environmental

conditions, modern agricultural management relies strongly on many different

techniques.100 For more information on soil and agricultural analysis, see Chap. 2.

5.3.1 Remote Spectral Sensing

An important tool in this direction is the remote spectral sensing of crops, which

refers to imagery taken from above a field where the incident electromagnetic

radiation is generally sunlight.101 The difference in color, texture, or shape of the

contacted bodies is due to the amount of the reflected, absorbed, and transmitted

energy of a specific wavelength.100 The ratio of reflected energy to incident energy,

known as spectral reflectance, is measured as a function of wavelength102 and its

recorded images represent a spectral signature, which is unique to plant species and

conditions.100 Food quality and food contaminants could be detected in food

industry by using remote spectral sensing.103–106 A sensor system that measures

induced fluorescence or scattered reflectance is used in food-processing plants

when an artificial light source is needed to illuminate the food as it passes on a

conveyor belt.100 The wavelengths measured in food quality cover generally the

ultraviolet (10–400 nm), visible (400–750 nm), and near-infrared range (750–

2,500 nm).103 Some studies used also three-dimensional hyperspectral images for

accurate detection.107–111

5.3.2 The Electronic Nose

Each plant releases a specific volatile organic compound (VOC) as a result of its

everyday biological processes and the quantity of this compound represents an

indicative of crop and field conditions. VOCs can be affected by the different

environmental conditions, but also by insects or plant diseases. Electronic noses

are used in agriculture to detect crop diseases, identify insect infestations, and

monitor food quality. The electronic nose generally contains two components: an

array of gas sensors with a broad and partly overlapping selectivity and an elec-

tronic pattern recognition system with multivariate statistical data processing

tools.100 The electronic nose is typically able to compare the profile of VOCs

released by healthy plants/fruits with diseased plants/fruits.100 In the food industry

the electronic nose was used to assess the freshness/spoilage of fruits and vegeta-

bles during the processing and packaging process.112,113 The detection of VOCs

that indicate fruit ripeness and/or compounds that trigger fruit ripening, such as
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ammonia,114,115 ethanol,115 ethylene,115,116 and trans-2-hexenal117 was also

achieved. Even they are in preliminary stages of feasibility, studies reported the

monitoring of the changes in the aroma profile during storage of apples,118 to assess

the postharvest quality of peaches, pears, bananas,118–120 and nectarines118,120 and

to detect spoilage in potatoes.121 Electronic noses were also used to determine the

coverage area of pheromone traps set to capture insect herbivores122–124 or to

identify early stages of insect infestations by detecting VOCs secreted by plants

that have been attacked.125–127

5.3.3 Electrochemical Sensors

The direct measurement of soil chemistry through tests such as pH or nutrient

content represents an important application of electrochemical sensors. Due to the

importance of soil testing results in obtaining optimal crop production yields and

quality food, two types of electrochemical sensors were employed to measure the

activity of selected ions (H+, K+, NO3
�, Na+, etc.) in the soil: ion-selective

electrodes and ion-selective field effect transistors. These two types of sensors

were also used to monitor the uptake of ions by plants, thus enabling farmers to

design fertilization strategies that optimize production.100 Ion-selective sensors

were applied in nitrogen monitoring in soil and crops, such as potatoes,128,129 and

vegetables for fertilization management.130,131 The investigation of plant metabo-

lism and nutrition, and also the toxicological effects that heavy metals have on

plants,132–135 could also be achieved with these sensors by measuring concentra-

tions of ions, such as iodide, fluoride, chloride, sodium, potassium, and cadmium, in

plants or soils. Electrochemical sensors also found their applications in the green-

house industry.100 Systems that inject liquid fertilizers based upon ion-specific

concentration measurements136,137 which automatically ensure that the nutrient

demand of the plants is satisfied were also developed.100

5.3.4 Biosensors

Rapid detection of target chemicals or pathogens in the agricultural field by

minimally skilled personnel138–140 is the main target in nowadays biosensor devel-

opment.100 The main bioprobes include nucleic acids (DNA/RNA), proteins,

enzymes, antibodies, and phages.141,142,145 Due to their robust structures and their

resistance to heat (up to 80 �C) and chemicals, such as acid, alkali, and organic

solvents,143 filamentous and lytic phages have attracted the interest of researchers

as biomolecular recognition elements.144–146 Also, due to their three-dimensional

recognition surface, phages can provide multiple binding sites and hence a strong

binding to target pathogens.100 Therefore, they found their application in the

detection of food-borne pathogens.147–165
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Acoustic wave devices represent an important family of highly sensitive

transducers.100 Phage-based magnetoelastic (ME) biosensors composed of an ME

resonator that is coated with genetically engineered phages able to bind specifically

with target pathogens166,167 were described. The mechanism of the ME biosensors

has been also explained: the biosensor oscillates with a characteristic resonance

frequency under an applied alternating magnetic field and when it comes in contact

with the target pathogen, binding occurs.115 As a result, the mass of the resonator

increases and this leads to a decrease in the biosensor’s resonance frequency.1

Various pathogens, such as S. typhimurium, B. anthracis spores, and E. coli,168–174

could be detected using ME biosensors. Recent studies demonstrated that ME

biosensors were able to directly detect bacteria on a fresh food surface without

the use of a sampling process (water rinse/stomaching).175

Enzyme-based biosensors are said to be very promising tools for highly sensitive

and discriminative detection of many chemical threat agents and food contami-

nants. Organophosphate neurotoxins which have been extensively used as insecti-

cides in agriculture have been detected using biosensors with two types of

mechanism approaches100: (1) inhibition of particular enzymes such as acetyl or

butyryl cholinesterases,176–179 and (2) organophosphate neurotoxins direct

hydrolysis using different hydrolases.180–184 For more information about biosensors

see Chaps. 11, 12 and 13.

5.3.5 Wireless Sensor Networks

Wireless sensor networks have been developed to enable new precision in agricul-

tural practice.100

Even in their earliest stages of development, wireless sensor networks include

already radio-frequency transceivers; soil, water, ion, and VOC sensors; global

positioning sensors; microcontrollers; and power sources.185 See Chap. 14 of

second volume for VOC sensors.

The development of this technology aims to provide revolutionary means for

observing, assessing, and controlling agricultural practices.100

Food represents a very important environmental factor with great impact on “life

quality” and, therefore, the need of analytical methods for the assessment of normal

constituents, degradation products by alteration, genetic modifications, or chemical

(pesticides, hormones, antibiotics, etc.) and biological contaminants.

The great variety of food contaminants and residues at very low concentrations,

their various physicochemical features, and the complexity of the food matrix make

food analysis a challenging task. Gas chromatography and high-performance liquid

chromatography which are commonly employed in food analysis are relatively

slow, expensive, and time consuming, and require extensive sample preparation and

qualified operators.186

Biosensors have demonstrated a great potential for the detection of a large

variety of chemical compounds.187 The high selectivity of the biorecognition
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molecule for the target component, the low production cost, the ability to detect

analytes in a complex sample matrix with minimal pretreatment, and the potential

for miniaturization are the main advantages that recommend biosensors for the

specific and rapid detection of biological and chemical components in food, envi-

ronmental, clinical, and pharmaceutical sector.187–190

The microfabrication technologies developed in the last decade have

transformed the analytical chemistry research field due to the large surface-to-

volume ratios of miniaturized systems, which enhance molecular diffusion and

heat transfer, using very small liquid volumes and performing very rapid

analyses.191–193 Microfluidic analytical devices, known as lab-on-a-chip (see

Chap. 21) or micro total analysis systems (μTAS), include microfluidic chips as

well as non-fluidic miniaturized systems, such as sensors and arrays (biochips),

developed for multi-analyte screening in food.194 Microfluidics technology

involves fluid control and small-scale analysis, making possible the integration of

multiple steps, multiplexing and parallelization of analyses on a single device, and

the achievement of microfluidic analytical systems capable to provide high-

throughput and large-scale analysis.191,195

Generally, microfluidic analytical devices are made of silica-based materials

with channel sizes ranging from 10 to 200 μm, but low-cost disposable microfluidic

devices from materials such as polymers or even paper have lately been devel-

oped.196 The most important advantages of microfluidic analytical devices are the

low volume of samples and reagents reducing the cost of analysis and the amount of

generated waste, the large surface-to-volume ratio, the mass and heat transfer

enhancement, short analysis time, portability, allowing on-site analysis, disposabil-

ity and low cost of fabrication, and integration of multiple processes which allows

assay automation and improves analytical performances even when used by

unskilled operators.191,193,197 These devices achieve all the requirements that the

food industry and quality control authorities are looking for to maintain the quality

and safety of food throughout the entire food chain. Food sample analysis

concerning the integration of nanotechnology applications in capillary electropho-

resis microchips was reported by Escarpa et al.198 The rapidly growing number of

publications on microfluidics demonstrates the huge interest for microfluidic appli-

cations in the field of food and environmental analysis, biotechnology (e.g., fer-

mentation processes in the pharmaceutical and food industry) for online process

monitoring and analysis,199 and homeland security. Microfluidic devices are exten-

sively developed in health care industry for point-of-care diagnostic, high-

throughput clinical analysis, and drug screening in pharmaceuticals.200 The use of

biorecognition elements (such as enzymes, antibodies, and DNA) for specific

analysis from the sample matrices, and the application of nanotechnology in the

detection mechanism of the analytical devices, could be achieved in real sample

analysis.

In the same perspective, drugs and pharmaceutical formulations constitute a

special issue, especially if we define the internal environment, opposite to the

external environment. Detailed aspects will be discussed later (Chap. 9, second

volume).
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5.4 Future Aspects and Developments

Supposing that plants, just like other forms of life, communicate with other plants

and beneficial insects by producing certain chemicals, researchers are trying to

develop sensors able to detect the release of particular chemicals in very low

concentrations, ignoring other chemicals released by the plant. These new sensors

would not only allow farmers to save money, but the decrease in the pesticide

concentration would make farmlands more environmentally adequate.
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34. Kuster E, Dorusch F, Vogt C, Weiss H, Altenburger R (2004) On line biomonitors used as a

tool for toxicity reduction evaluation of in situ groundwater remediation techniques. Biosens

Bioelectron 19:1711–1722

35. Gerhardt A, Schmidt S, Hoss S (2002) Measurement of movement patterns of Caenorhabditis
elegans (Nematoda) with the multispecies freshwater Biomonitor® (MFB)—a potential new

method to study a behavioral toxicity parameter of nematodes in sediments. Environ Pollut

120:513–516

36. De Bisthoven LJ, Gerhardt A, Soares AMVM (2004) Effects of acid mine drainage on larval

Chironomus (Diptera, Chironomidae) measured with the multispecies freshwater

Biomonitor®. Environ Toxicol Chem 23:1123–1128

37. Gerhardt A, de Bisthoven LJ, Soares AMVM (2004) Macroinvertebrateresponse to acid mine

drainage: community metrics and on-line behavioural toxicity bioassay. Environ Pollut

130:263–274

38. Gerhardt A, Clostermann M (1998) A new biomonitor system based on magnetic inductivity

for freshwater and marine environments. Environ Int 24:699–701

39. Van der Schalie WH, Shedd TR, Widder MW, Brennan LM (2004) Response characteristics

of an aquatic biomonitor used for rapid toxicity detection. J Appl Toxicol 24:387–394

40. Borcherding J, Jantz B (1997) Valve movement response of the mussel Dreissena
polymorpha the influence of the pH and turbidity on the acute toxicity of pentachlorophenol

under laboratory and field conditions. Ecotoxicology 6:153–165

41. Tran D, Ciret P, Ciutat A, Durrieu G, Massabuau JC (2003) Estimation of potential and limits

of bivalve closure response to detect contaminants: application to cadmium. Environ Toxicol

Chem 22:914–920

42. Leynen M, Van den Berckt T, Aerts JM, Castelein B, Berckmans D, Ollevier F (1999) The

use of Tubificidae in a biological early warning system. Environ Pollut 105:151–154

43. Van der Schalie WH, Shedd TR, Knechtges PL, Widder MW (2001) Using higher organisms

in biological early warning systems for real-time toxicity detection. Biosens Bioelectron

16:457–465

44. Torchilin VP (2006) Multifunctional nanocarriers. Adv Drug Deliv Rev 58:1532–1555

45. Papakostas D, Rancan F, Sterry W, Blume-Peytavi U, Vogt A (2011) Nanoparticles in

dermatology. Arch Dermatol Res 303:533–550

46. Medeiros SF, Santos AM, Fessi H, Elaissari A (2011) Stimuli-responsive magnetic particles

for biomedical applications. Int J Pharm 403:139–161

47. Ganta S, Devalapally H, Shahiwala A, Amiji M (2008) A review of stimuli-responsive

nanocarriers for drug and gene delivery. J Control Release 126:187–204

48. Bajpai AK, Shukla SK, Bhanu S, Kankane S (2008) Responsive polymers in controlled drug

delivery. Prog Polym Sci 33:1088–1118

49. Domingo C, Saurina J (2012) An overview of the analytical characterization of nanostruc-

tured drug delivery systems: towards green and sustainable pharmaceuticals: a review. Anal

Chim Acta 744:8–22

50. Nandi P, Lunte SM (2009) Recent trends in microdialysis sampling integrated with conven-

tional and microanalytical systems for monitoring biological events: a review. Anal Chim

Acta 651:1–14

51. Bourne JA (2003) Intracerebral microdialysis: 30 years as a tool for the neuroscientist. Clin

Exp Pharmacol Physiol 30:16–24

52. Holovics HJ, Anderson CR, Levine BS, Hui HW, Lunte CE (2008) Investigation of drug

delivery by iontophoresis in a surgical wound utilizing microdialysis. Pharm Res

25:1762–1770

53. Kim A, Suecof LA, Sutherland CA, Gao L, Kuti JL, Nicolau DP (2008) In vivo microdialysis

study of the penetration of daptomycin into soft tissues in diabetic versus healthy volunteers.

Antimicrob Agents Chemother 52:3941–3946

5 Biosphere 123



54. Bielecka-Grzela S, Klimowicz A (2003) Application of cutaneous microdialysis to evaluate

metronidazole and its main metabolite concentrations in the skin after a single oral dose.

J Clin Pharm Ther 28:465–469

55. Lanckmans K, Clinckers R, Van Eeckhaut A, Sarre S, Smolders I, Michotte Y (2006) Use of

microbore LC-MS/MS for the quantification of oxcarbazepine and its active metabolite in rat

brain microdialysis samples. J Chromatogr B 831:205–212

56. Richards DA, Silva MA, Murphy N, Wigmore SJ, Mirza DF (2007) Extracellular amino acid

levels in the human liver during transplantation: a microdialysis study from donor to

recipient. Amino Acids 33:429–437

57. Davies MI, Lunte CE (1996) Simultaneous microdialysis sampling from multiple sites in the

liver for the study of phenol metabolism. Life Sci 59:1001–1013

58. Gilinsky MA, Faibushevish AA, Lunte CE (2001) Determination of myocardial norepineph-

rine in freely moving rats using in vivo microdialysis sampling and liquid chromatography

with dual-electrode amperometric detection. J Pharm Biomed Anal 24:929–935

59. Price KE, Vandaveer SS, Lunte CE, Larive CK (2005) Tissue-targeted metabonomics:

metabolic profiling by microdialysis sampling and microcoil NMR. J Pharm Biomed Anal

38:904–909

60. Ault JM, Riley CM, Meltzer NM, Lunte CE (1994) Dermal microdialysis sampling in vivo.

Pharm Res 11:1631–1639

61. Huang H, Zhang Y, Yang R, Tang X (2008) Determination of baicalin in rat cerebrospinal

fluid and blood using microdialysis coupled with ultra-performance liquid chromatography-

tandem mass spectrometry. J Chromatogr B 874:77–83

62. Lin LC, Hung LC, Tsai TH (2004) Determination of (�)-epigallocatechin gallate in rat blood

by microdialysis coupled with liquid chromatography. J Chromatogr A 1032:125–128

63. Ward KW, Pollack GM (1996) Use of intrauterine microdialysis to investigate methanol-

induced alterations in uteroplacental blood flow. Toxicol Appl Pharmacol 140:203–210

64. Woo KL, Lunte CE (2008) The direct comparison of health and ulcerated stomach tissue: a

multiple probe microdialysis sampling approach. J Pharm Biomed Anal 48:85–91

65. Woo KL, Lunte CE (2008) The development of multiple probe microdialysis sampling in the

stomach. J Pharm Biomed Anal 48:20–26

66. Zhu T, Cheung BWY, Cartier LL, Giebink GS, Sawchuk RJ (2003) Simultaneous intravenous

and intramiddle-ear dosing to determine cefditoren influx and efflux clearances in middle ear

fluid in freely moving chinchillas. J Pharm Sci 92:1947–1956

67. Freed AL, Cooper JD, Davies MI, Lunte SM (2001) Investigation of the metabolism of

substance P in rat striatum by microdialysis sampling and capillary electrophoresis with laser-

induced fluorescence detection. J Neurosci Methods 109:23–29

68. Kostel KL, Lunte SM (1997) Evaluation of capillary electrophoresis with postcolumn

derivatization and laser-induced fluorescence detection for the determination of substance

P and its metabolites. J Chromatogr B 695:27–38

69. McLaughlin KJ, Faibushevich AA, Lunte CE (2000) Microdialysis sampling with online

microbore HPLC for the determination of tirapazamine and its reduced metabolites in rats.

Analyst 125:105–110

70. Telting-Diaz M, Scott DO, Lunte CE (1992) Intravenous microdialysis sampling in awake,

freely-moving rats. Anal Chem 64:806–810

71. Zhang M, Mao L (2005) Enzyme-based amperometric biosensors for continuous and on-line

monitoring of cerebral extracellular microdialysate. Front Biosci 10:345–352

72. Rhemrev-Boom MM, Jonker MA, Venema K, Tiessen R, Korf J, Jobst G (2001) Online

continuous monitoring of glucose or lactate by ultraslow microdialysis combined with a flow-

through nanoliter biosensor based on poly(m-phenylenediamine) ultra-thin polymer mem-

brane as enzyme electrode. Analyst 126:1073–1079

73. Miele M, Fillenz M (1996) In vivo determination of extracellular brain ascorbate. J Neurosci

Methods 70:15–19

124 A. Maghear and R. Săndulescu
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Chapter 6

Extraterrestrial

Kyle M. McElhoney, Glen D. O’Neil, and Samuel P. Kounaves

Electrochemical sensors, especially ion-selective electrodes (ISEs), are ideally

suited for analyses of extraterrestrial environments where comparatively little is

known about the aqueous geochemistry: they have remarkably high sensitivity over

a wide dynamic range and are available for a wide range of organic and inorganic

cations and anions. In addition, ISEs require very little power, have low mass, and

can withstand dramatic swings in temperature and pressure without loss of function.

Analyses in extraterrestrial environments offer unique challenges caused by the

preflight preparations and storage of the sensors, the long cruise to the planetary

body, and the harsh environmental conditions in which they must be performed.

Currently, only a single set of electrochemical analyses of another planet has been

performed, but several new instruments are being developed which will potentially

provide insight into the scientific questions surrounding the chemistry and biology

of other planetary bodies in our solar system.

Even though the Viking spacecraft in 1976 moistened the soil samples to

observe gases released as part of the life detection experiments, the first true and

comprehensive wet chemical analysis performed on another planet was by the 2007

Phoenix Mars Scout Lander. Using an array of electrochemical sensors in four

identical Wet Chemistry Laboratory (WCL) units that were part of the Microscopy,

Electrochemistry, and Conductivity Analyzer (MECA) instrument package, it

measured the concentration of anions and cations released by the addition of

water to the martian soil. The main objectives of the Phoenix mission were to

verify the presence of water, assess the habitability of the soil, and characterize the

climate and geology of Mars. Previous landed missions have included Viking

Landers 1 and 2, Pathfinder, the Mars Exploration Rovers (MER) Spirit and

Opportunity, and currently the Mars Science Lab (MSL) Curiosity. Although

these missions contributed to our understanding of Mars’ history, its geology,
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mineralogy, and climatology, Phoenix and the WCL made discoveries that have

given us a new view of the aqueous chemistry and geochemistry, the knowledge of

what happens when water and soil come into contact.

The WCL beaker contained 11 plasticized PVC-based membrane ion-selective

electrodes (including two pH electrodes) for cations and anions, 4 solid pellet

crystal ion-selective electrodes for halides, an iridium oxide pH electrode, 3 elec-

trodes for chronopotentiometry of halides, and individual electrodes for determin-

ing heavy metals by anodic stripping voltammetry, conductivity, cyclic

voltammetry of redox species, and an electrode for the oxidation-reduction poten-

tial. The ion-selective electrodes used on Phoenix were designed specifically for the

demands of the mission. In the traditional configuration, an ion-selective membrane

is used to separate the sample and reference solutions. However, this configuration

is not suitable for prolonged analysis. In place of the reference solution, a hydrogel

impregnated with a salt solution was used in order to increase durability. This

chapter discusses the challenges of performing electrochemical analyses in an

extraterrestrial environment such as Mars, with an emphasis on sensor develop-

ment, characterization, and calibration, while addressing lessons learned from the

Phoenix mission, and looking to the future of electrochemical analyses of other

planetary bodies.

6.1 Introduction

Humans have observed the stars and planets since prehistoric times and wondered

about their significance and composition. After observations and conjectures by

early philosophers such as Democritus in the fourth century BCE, understanding of

our solar system rapidly accelerated during the sixteenth–nineteenth centuries

starting with Copernicus’ discoveries of Jupiter’s four largest moons and the

rings of Saturn, followed by Galileo’s study of lunar mountains and his suggestion

that other worlds may also have Earth-like surfaces. These initial observations were

astronomical, made by optical and later radio telescopes. In the mid-twentieth

century though, the politically driven “Space Race” accelerated the quest to phys-

ically reach these other worlds. Following those successes, human and robotic

missions to the Moon as well as robotic missions to other planetary bodies have

revolutionized our understanding of our solar system. Starting with the first suc-

cessful rendezvous with another planet (Mariner 2 at Venus in 1962) and first

successful landing (Venera 7 on Venus in 1970), robotic landed missions have

provided a great deal of knowledge about these nearby but alien environments

through a combination of visual images and physical measurements, supporting a

variety of geological, chemical, and meteorological investigations.

The first successful landing on Mars was made by the two NASA Mars Viking

1 and 2 landers in 1976. Included in the payload were a gas chromatograph, mass

spectrometer, X-ray fluorimeter, and three life detection instruments. Additional

surface missions in 1997 (Pathfinder/Sojourner Rover) and 2004 (Opportunity and
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Spirit rovers) included mainly X-ray spectrometers and imagers. It was not until

2007 with the launch of the Phoenix Mars lander mission that the first electroan-

alytical measurement system was delivered to the martian surface. Here we present

the historical context of the first electroanalyses on Mars, an overall description of

the electrochemically based sensors that were part of the Phoenix Wet Chemistry

Laboratory (WCL), the results of the martian soil analyses and their implications,

the most recent Earth-based experiments, and a preview of the next-generation

electroanalytical instruments currently in development for upcoming missions to

Mars and beyond.

6.1.1 Historical Development of Electroanalytical
Instruments for Mars

By the early 1990s the evidence pointed to a Mars that was most likely wet and

warm sometime in its past history. Though much data had been collected by

previous missions via elemental analyses using either X-ray or optical spectros-

copy, little or nothing was directly known about the soluble salts in the soil or

parameters such as pH or conductivity. Such knowledge is critical in understanding

the biological potential of Mars for supporting indigenous life in the past or present,

and also for assessing hazards that might be encountered by future human explorers.

This prompted proposals to develop instrumentation that could investigate the

aqueous geochemistry of the martian soil. The idea was to reconstitute the ancient

wet environment by adding water to the soil and measuring the ionic species in the

solution. The limitation was that whatever technique was to be used had to be

preferably rugged, and of low mass, volume, and power. Electrochemical sensors

appeared ideal for such an endeavor.

The first reported development and demonstration of an electrochemically based

analyzer for martian regolith (soil) was as part of the Mars Aqueous Chemistry

Experiment (MACE) program at Lockheed Martin Astronautics (LMA) in Denver,

Colorado, as an in-house study of the feasibility of a chemical reaction investigation

for future Mars missions.1 Among its goals were to determine the reactions between

Martian surface materials and liquid water; investigate the unusual oxidation

capabilities of Martian soil discovered by Viking; and explore for evidence of

chemical and physical modifications of the surface to understand weathering

processes. To accomplish its goals, MACE included ion-selective electrodes

(ISE) for a variety of cations/ions (e.g., Na+, K+, Mg2+, Ca2+, Cl�, Br�, NO3
�)

and electrodes for redox potential and conductivity.

The Wet Chemistry Laboratory (WCL) was first proposed in 1997 to NASA’s

Office of Human Exploration and Development of Space as a payload on the 2001

Mars Surveyor Program (MSP’01) Lander, as part of the Mars Environmental

Compatibility Assessment (MECA) instrument package. The purpose of the

MSP’01 WCL was to determine the total dissolved solids, redox potential, and
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pH, and to detect potentially dangerous heavy metal ions, emitted hazardous gases,

and the soil’s corrosive potential. The WCL was chosen by NASA in 1998 to be

designed, built, and flight qualified for the 2001 mission.2 The MSP’01 Lander was

canceled in May 2000 due to the loss of NASA’s two 1998 Mars-bound spacecraft,

the Mars Climate Orbiter and Mars Polar Lander. In the summer of 2002 the WCL

was proposed as part of the Microscopy, Electrochemistry, and Conductivity

Analyzer (MECA) instrument package for the 2007 Phoenix Mars Scout Lander

(MECA). The Phoenix, including WCL, was selected by NASA on August 4th,

2003, as the first Mars Scout Mission. It was launched on August 4th, 2007, and

landed on the northern polar planes of Mars on May 25th, 2008.3,4

6.2 The Phoenix Wet Chemistry Laboratory (WCL)
Electroanalytical Sensor Array

The MECA instrument package on board the Phoenix lander included four identical

Wet Chemistry Laboratories (WCL), whose objective was to address the mission

goals of understanding the aqueous chemical reactivity of the soil and identify

potential chemical energy sources available to support past or present life. The

WCL has been previously described in detail2,5 and is only briefly reviewed here.

Figure 6.1 shows an individual WCL unit and as part of the MECA package on

Mars during its first sol (day) of operation. To accomplish its objectives, each WCL

included an upper “actuator” and a lower “beaker” assembly. The actuator

consisted of a 25 mL titanium tank that contained deionized water plus ionic species

at ~10�5 M concentrations for the initial sensor calibrations, a drawer that would

accept ~1 cm3 of soil through a screened funnel from the robotic arm, and a stirrer

motor for stirring the soil/solution mixture. The actuator also included a reagent

Fig. 6.1 An individual Wet Chemistry Laboratory (WCL) (a) and as part of MECA on Mars (b).
Courtesy of NASA JPL and S. P. Kounaves
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dispenser that held five “crucibles” for a second calibration reagent, an acid, and

three crucibles packed with BaCl2 for the titrimetric determination of SO4
2�.

The lower “beaker” contained an array of sensors which included ion-selective

electrodes (ISEs) for the determination of Na+, NH4
+, K+, H+, Mg2+, Ca2+, SO4

2�

(via Ba2+ titration), and NO3
�/ClO4

�; solid pellet ISEs for the determination of

Cl�, Br�, and I�; an iridium oxide electrode and two H+ ISEs for the determination

of pH between 0 and 12 with an accuracy of �0.5 pH units; a 564 element 12 μm
Au disk microelectrode array (MEA) for anodic stripping voltammetry (ASV); a set

of 1 mm Ag disk electrodes for the determination of halides by chronopoten-

tiometry (CP); a 1 mm Pt disk electrode for redox acid/base chemistry by CP; a

concentric two-carbon-ring electrode for solution electrical conductivity; a 250 μm
Au disk electrode for cyclic voltammetry (CV), within a potential window of

�1,000 mV and accuracy of �1 mV, to identify and analyze for possible reversible

and irreversible redox couples; and a 1 mm Pt disk electrode for determination of

the oxidation-reduction potential (Eh) between �1,000 mV with an accuracy of

20 mV.5 Each beaker also contained two Li+ ISEs that served as reference elec-

trodes. The only electrodes present in duplicate were the solid pellet Cl� electrode,

along with a set of Ag electrodes for CP halide determination and the Li+ electrodes

for a total of 23 electrodes in each beaker.

The most important consideration for the WCL beaker assembly was to ensure

that all of the electrochemical sensors would arrive on Mars in the same condition

they left Earth. The sensors had to survive a prolonged prelaunch stay on the flight

deck at Cape Canaveral, Florida; significant physical stress during launch; a

9-month cruise to Mars at subzero temperatures; entry to the martian atmosphere;

landing on the surface; and exposure to extreme temperature swings and radiation

during the time on the planet. Prior to launch significant preflight characterization

and testing were performed in order to understand the demands of spaceflight on the

WCL and each of the sensors.5 Each sensor was rigorously characterized before and

after the series of stress tests, which included operation at ~7 mbar (the expected

pressure at the landing site), standard accelerated aging cycles, shock and vibration

tests, and long periods (>8 months) of cold storage.

Using elemental analyses to determine that the surface materials contain ele-

ments such as sulfur, chlorine, magnesium, or calcium provides little or no infor-

mation about the identity of ionic species, especially their oxidation state. Using a

simple array of electrochemical sensors, the Phoenix WCL analyses on the other

hand made startling new discoveries providing new scientific insights into the

aqueous geochemistry and history of the Mars, its potential for supporting micro-

bial life, its chemistry, and its atmospheric chemistry. An instrument which

can easily identify and quantify ion components in an aqueous solution is the

only way to fully understand the geochemistry, habitability, and potential human

toxicity, not only of Mars, but also of other planetary environments, including the

oceans of Europa.
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6.2.1 Ion-Selective Electrodes

Ion-selective electrodes are potentiometric sensors which are routinely used on

Earth for a variety of laboratory, environmental, and clinical analyses.6,7 ISEs are

sensitive, selective, and inexpensive; have dynamic ranges that are typically greater

than five orders of magnitude; are robust enough for field-based research; and are

available for nearly 100 cations and anions.8 ISEs are prepared by separating two

solutions (an internal reference and the external sample) by a chemically selective

membrane. These membranes were traditionally made from glass, but are now

commonly constructed from plasticized polyvinyl chloride (PVC). The potential

difference measured across the PVC membrane originates from selective

partitioning of an ion from the sample solution into the membrane via a complexing

ligand referred to as an ionophore.9 This partitioning results in a potential gradient

across the membrane that is measured by the internal and external reference

electrodes. Its magnitude is given by the Nernst equation (see Chap. 9):

E ¼ Eo
i þ 2:303RT

zF
log aið Þ ð6:1Þ

where E is the measured potential, E0 is a collection of potentials relating to the

various electronic connections within the sensor, reference electrode, and voltme-

ter, R is the ideal gas constant, T is absolute temperature, z is the charge of the ion
involved in the complex, F is Faraday’s constant, and ai is the activity of ion i in
solution. Note that this equation is only valid for a solution containing only ion i.
When multiple ions are present in solution, the measured potential is a function of

both logarithmic activity of the primary and interfering ions, and can be described

by the Nikolsky-Eisenman equation:

E ¼ E0
i þ

2:303RT

zF
log ai þ

X
Kpot

i, j a
zi=zj
j

� �
ð6:2Þ

The subscripts i and j in Eq. (6.2) refer to the primary and interfering ions,

respectively, and Kpot
i; j is the potentiometric selectivity coefficient. Kpot

i; j varies for

each interfering ion, and depends upon the precise membrane composition. The

lower the value of logKpot
i; j , the more highly the interfering ion is discriminated. (For

a detailed review of ion-selective electrodes, including selectivity theory and a

detailed account of ISE response, see Chap. 9.)

For the WCL Mars data the following equations were used in order to account

for temperature differences between Earth and Mars during calibration and use:

SM ¼ SE
TM=

TE

� �
ð6:3Þ
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Ei ¼ EC � SMlog aið Þ ð6:4Þ

where SM and SE are the calibration slopes determined on Mars and Earth, respec-

tively; TM and TE are the temperatures at which the calibration was carried out on

Mars and Earth, respectively; EI is the calibrant intercept; EC is the stable calibrant

potential; and ai is the activity of the calibrant ion. The validity of the above

relationships was confirmed during preflight characterization of the electrodes.

The ISEs deployed on Phoenix were designed to cope with the difficult condi-

tions associated with long-term analysis at a harsh and remote location. The sensors

were required to be robust; have long lifetimes; survive preflight testing and

characterization; and have large dynamic ranges suitable for analysis of an envi-

ronment that had yet to be studied. For these reasons, a configuration was chosen

where the aqueous inner-filling solution was replaced by the polymeric hydrogel

poly (hydroxymethyl acrylate) (poly-HEMA) (Fig. 6.2), as described by Cosofret

et al.10 The hydrogel was conditioned in an electrolyte solution containing a

chloride salt to complete the interface with a AgjAgCl electrode placed in contact

with the gel. The hydrogel enabled extremely robust sensors because the material is

able to freeze/thaw without large physical deformations, and can be effectively

rehydrated given enough conditioning time.

6.2.2 Other Electroanalytical Electrodes

The electrodes used for electrical conductivity (EC), oxidation-reduction potential

(Eh), cyclic voltammetry (CV), chronopotentiometry (CP), and anodic stripping

voltammetry (ASV) were all solid state, and thus did not require the same design

considerations as the membrane ISEs. The electrodes were polished and tested after

fabrication, then calibrated and characterized, and remained as is until their use

on Mars.5

Fig. 6.2 (a) Schematic of a hydrogel ion-selective electrode used onboard NASA’s 2007 Lander

Phoenix. (b) Placement of electrodes along the WCL beaker wall. Courtesy of NASA JPL and S. P.
Kounaves
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Electrical conductivity is a measure of how well a solution is able to carry

charge. This is largely a property of the dissolved ionic species in solution and

temperature. The EC probes onboard Phoenix consisted of two concentric activated

carbon electrodes, separated by a layer of insulating epoxy. The inner electrode was

a 3 mm diameter disk, while the outer electrode was a 0.7 mm thick ring. EC was

used to estimate the ionic strength (μ) of the solution and to calculate activity. Prior
to flight, the EC of solutions, which were of varying ionic strengths and made from

ionic species assumed to be present in the martian regolith, was measured and the

resulting calibrations were used to calculate ionic strength using the relationship

μ ¼ 7� 10�6EC1:0733 ð6:5Þ

This was an empirically derived relationship, and assumed that the species

present in the preflight calibration solutions were similar to those found on Mars.

The results of the 1976 Viking biology experiments suggested that the martian

soil probably contained one or more oxidants and thus might result in water/soil

solutions with high oxidation-reduction potentials (Eh). The Eh was measured using

a 1.0 mm Pt disk electrode. When a normal hydrogen reference electrode (NHE) is

used, positive potentials correspond to the presence of oxidizing species (electron

donors), while negative potentials are related to reducing species (electron

acceptors).

In cyclic voltammetry (CV) a triangularly changing potential is applied to an

electrode while the current is monitored. CV can be used to identify redox couples

and, depending on conditions, can sometimes be used to constrain the identity of the

redox species by using the peak potential (Ep).
11 On Phoenix, the potential was

scanned between �1 V. In the WCL a standard three-electrode cell was employed,

with a 250 μmAu disk serving as the working electrode, a Cl� ISE as the reference,

and a 1.0 mm Pt disk as the counter. A gold working electrode was selected based

on its broad applicability towards organic and inorganic redox active compounds.

The minimum scan rate achievable was 333 mV/s due to constraints caused by the

large scan window and the hardware buffer limit of 4,094 bytes, which ultimately

limited the number of data points to 2015. In order to accommodate all possible

current windows, each experiment needed to be run six times at different gain

settings.

Anodic stripping voltammetry (ASV) is primarily used for the detection of

heavy metal ions in solution. ASV is performed by applying a cathodic potential

for a fixed amount of time and reducing a metal ion onto the working electrode

surface. The deposited heavy metal is then oxidized during an anodic potential

scan. The resulting peak current is proportional to both the metal ion concentration

and the deposition time. Very low detection limits can be achieved using ASV

because of the effective preconcentration of analyte on the electrode. The WCL

contained a 564-element array of 12 μm Au microelectrodes for ASV. The array of

microelectrodes are attractive for remote analysis due to their very low capacitive

charging currents, small size, rugged construction, low noise, and spherical diffu-

sion with increased current signal. Unfortunately, just before launch the ASV
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software was found to be problematic and thus ASV was never successfully

performed for any martian soil samples.

Chronopotentiometry is the measurement of the potential at a working electrode

as a function of applied current. The current can be applied as a step or a ramp (both

of which were used on Phoenix). A three-electrode cell was employed in WCL,

with a 1.0 mmAg disk as the working electrode. The reference and counter were the

same as used for CV. The CP was primarily used for the determination of halides

present in the soil. In the presence of halides, the silver surface will oxidize to form

an insoluble salt at the surface of the electrode. The reaction at the silver electrode is

Agþ X� ! AgX þ e� ð6:6Þ

where X� is a halide anion (Cl�, Br�, or I�). The concentration of X� (C*) in
solution can be determined using the Sand equation:

C� ¼ 2iτ1=2

nFAD1=2π1=2
ð6:7Þ

where i is the applied current, τ is the transition time, n is the number of electrons

transferred, F is Faraday’s constant, A is the electrode area, and D is the diffusion

coefficient of X�. When the current applied to the working electrode is sufficient to

cause a redox reaction at the surface, the potential will adjust to maintain the

applied current. As the concentration of X� at the electrode surface decreases, the

potential required to drive the reaction will increase. When the concentration of X�

at the electrode surface drops to zero, the potential will rapidly decrease causing an

inflection point in the E vs. t curve.
For mixtures of halides the measured potential and transition time can be used to

determine the identity of the species in solution. The measured potential is related

to the standard potential of the redox couple, while the transition time indicates

concentration. In the Phoenix experiments the transition order was iodide, bromide,

and chloride, which is inversely related to the Ksp of each silver salt.

6.2.3 The WCL Custom Reference Electrode Configuration

The typical reference electrode serves two main functions in electrochemical cells:

it produces a constant potential independent of ions in the sample, and, along with

the working electrode, completes the flow of current in the electrochemical cir-

cuit.11 Conventional reference electrodes based on liquid junctions are able to

accomplish these functions by separating the sample solution from a reference

solution. They rely on slow leakage of ions from the inner solution into the sample

in order to complete the circuit. This type of arrangement has several drawbacks,

which make their use for long-term remote monitoring impossible: the slow

diffusion of ions from the inner solution would cause sample contamination and
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an increase in conductivity; liquid junctions typically require frequent maintenance;

inner solutions need to be changed and refilled and can only be used in an upright

position in situations where bubbles might form internally and block the junction.

Two Li+ ISEs were used as reference half cells in the WCL to mitigate the risks

of the unknown composition of the martian soil and the need for stability. To

maintain their potential, the leaching solution contained 1 mM LiNO3 as a reference

electrolyte.5 This choice assumed that there would be significantly less than 1 mM

Li+ present in the martian soil and that interfering cations would not be a problem

due to the high selectivity of the lithium ionophore. However, the presence of 1 mM

NO3
� limited its detection to levels >1 mM. In the case that both Li+ ISEs failed, a

solid-pellet Cl� ISE would then act as the reference electrode. Since the concen-

tration of Cl� in the regolith could be significant, a correction could be made using

the Cl� concentration obtained from the CP experiments, which can measure Cl�

concentration without calibration.

6.3 Results from the Phoenix WCL

After landing successfully on Mars, the Phoenix payload underwent a series of

system checks to ensure that all of the instrumentation had arrived in proper

working order.12 Before any electrochemical analyses could be performed, the

beaker chamber needed to be equilibrated with the martian atmosphere by repeat-

edly opening and closing the sample drawer (referred to as “burping”). Once the

pressure was equilibrated, the first leaching solution (TS20) was added to the

beaker. TS20 contained 10�5 M of Na+, NH4
+, K+, Ca2+, Mg2+, Ba2+, HCO3

�,
5� 10�5 M Cl�, and 1� 10�3 M NO3

�. A simple two-point calibration was

subsequently performed by adding a solid pellet of salts, which increased the

concentrations to 3� 10�5 M, 1.5� 10�4 M, and 1.09� 10�3 M, respectively.

After about an hour the potential of the electrodes had stabilized and ~1 cm3 of

martian soil was then delivered to the beaker. Figure 6.3 shows the real-time

monitoring of the ISE potentials during the analysis sequence. In total, three

samples, one from the surface (Rosy Red) and two from the top of the ice table

approximately 5 cm in depth (Sorceress 1 and Sorceress 2), were successfully added

and analyzed in three of the four WCLs.

The wet chemistry laboratory onboard Phoenix provided the first wet chemical

measurement of soluble species in the martian soil.12,13 The ionic species and their

concentrations in the soil were found to be similar to those generally observed on

Earth; thus the martian soil at the Phoenix site is considered to be habitable for any

putative martian microbes.14 Preliminary data analyses showed the monovalent

cations, Na+ and K+, to be present at relatively low concentrations: ~1.4 mM and

~0.4 mM, respectively. The concentrations of the Ca2+ and Mg2+ ions at 0.75 and

6.4 mM were consistent with a saturated Ca/Mg carbonate-buffered system.12

Chloride was also measured, and was found to be present at 0.40 mM.
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Fig. 6.3 (a) Potential vs. time traces recorded for the ISEs for the Sol-30 (Rosy Red) sample on

Mars. The two vertical lines indicate the addition of the calibrant crucible and the sample. (b)
Concentrations of cations and anions in solution containing 25 mL leaching solution and 1 g of

martian regolith for three of the WCL units. Reprinted with permission from reference (12)
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6.3.1 The Discovery of Perchlorate and Its Parent Salts
Using the Perchlorate and Calcium ISEs

One of the most significant discoveries made by Phoenix was the high concentra-

tion of perchlorate (ClO4
�) in all three of the soil samples analyzed, roughly

2.5 mM in the 25 mL solution, equivalent to ~0.6 wt% in the soil.12,13 The ClO4
�

was measured by the ISE originally intended for NO3
�, but whose membrane

actually responds selectively according to the Hofmeister lipophilicity series

(ClO4
�> I�>Br�>NO3

�>NO2
�>HCO3

�>Cl�). Thus, the 3 orders of mag-

nitude response can only be due to ClO4
�. Perchlorate when heated is a strong

oxidizing agent, and is used on Earth in a variety of products, including solid rocket

propellants, fireworks, explosives, and automotive airbag systems. It also occurs

naturally and has been found in a variety of arid regions, though its discovery in the

McMurdo Dry Valleys of Antarctica has provided conclusive evidence that its

terrestrial presence is ubiquitous.15,16 On Mars, the presence of ClO4
� is a tracer

for liquid water because the ClO4
� ion is highly soluble and relatively unreactive at

ambient temperatures. The presence of ClO4
� has widespread implications for

Mars’ geological history and future human exploration. In addition, the identity

of the ClO4
� parent salt cation has significant implications for the planet’s ancient

and modern history of water.17

The initial findings from the WCL had suggested that the ClO4
� was likely

present as either Ca2+ or Mg(ClO4)2.
12,13 The ISE data has been recently reanalyzed

and indicates that the parent salts include a major fraction of Ca(ClO4)2.
17 The

signal from the Ca2+ ISE for Sol 30 (Fig. 6.4a) shows a negative exponential

response after addition of the soil sample, in contrast to the expected positive

exponential response given the amount of CaCO3 in the soil.18 However, due to

the presence of ClO4
� in the sample, the Ca2+ sensor suffers from anion interfer-

ence, resulting in a negative bias of the signal.19

Fig. 6.4 Determination of perchlorate parent salts using Ca2+ ISE response. (a) Data from WCL

on Sol 30. (b) Ca2+ ISE response with various ratios of Ca/Mg. Reprinted with permission from
reference (17)
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Laboratory experiments using various ratios of Ca(ClO4)2 to Mg(ClO4)2 in a

Mars simulant show that when the ClO4
� parent salt is 100 % Ca(ClO4)2, an initial

potential spike is observed (Fig. 6.4b, light blue open circles), mainly due to the

rapid detection of Ca2+ by the Ca2+-selective ionophore. After a short time, the

potential decreases to an equilibrium value ~23 mV below the calibration standard.

When the ClO4
� parent salt is 100 % Mg(ClO4)2 (Fig. 6.4b, dark blue closed

circles), the potential shows a sharp decrease immediately after soil addition

followed by a subsequent stabilization to the equilibrium value. In order to match

the curve observed with WCL onMars, an ~3:2 mixture of Ca/Mg is necessary. The

existence of a soluble Ca2+ salt means that there has not been sufficient liquid water

for the Ca2+ to react and precipitate with the known higher levels of sulfates that are

globally present. The implication of this is that the Phoenix landing site (and most

likely most of the martian surface) has been severely arid for perhaps for the past

three billion years.17

6.3.2 Determination of Soluble Sulfate by Titration
Using a Barium ISE

Another goal of the Phoenix WCL was to determine the presence and levels of

soluble sulfate that had been suggested by previous Mars missions. Because no

suitable ISE was available for the direct determination of SO4
2�, the detection of

SO4
2� was accomplished by using a Ba2+ ISE to monitor the concentration of Ba2+

(added as BaCl2) used to precipitate the SO4
2� in the soil/solution mixture.20 In the

presence of sulfate, the soluble Ba2+ immediately precipitates due to the highly

selective and rapid formation of BaSO4. As the precipitation occurs there is a

decrease in the measured amount of Ba2+ and increase in the amount of Cl�.
The slow and more accurate determination of the sulfate by titration was

fortuitous. It was noticed early on that the Cl� in the first two WCL units slowly

increased during the analysis. Initially this was thought to be due to a slow release

of Cl� from the added soil. However, during the Sol 96 analysis no sample was

added to the WCL, but the same increase in Cl� was present. It thus became clear

that there was a slow and constant titration of the solution with the barium in the

reagent crucibles. The increase in Cl� was also independently confirmed by

chronopotentiometry. Figure 6.5 shows the results of this unintended titration.

The amount of SO4
2� in solution was determined by taking the change in Cl�

concentration and dividing it by 2, or

SO2�
4

� �
T
¼ 1

2
Δ Cl�½ 	 ð6:8Þ

where [Cl�] is taken immediately after the sample addition response until an

increase is seen in the Ba2+, indicating that no more SO4
2� is being precipitated

by the Ba2+.

6 Extraterrestrial 143



The results from the Ba2+ and Cl� electrodes in the two working WCL units

indicated that there was 4.8 (�1.5) mM (equivalent to 1.2 (�0.5) wt% soluble

SO4
2� in the soil) for the Rosy Red sample, and 5.9 (�1.5) mM SO4

2� (equivalent

to 1.4 (�0.5) wt% soluble SO4
2� in the soil) for the Sorceress 2 sample.20

6.3.3 Determination of pH for the Soil/Water Mixture

The pH of the martian regolith was measured using two polymer-based membrane

ISEs and an iridium oxide electrode. Measurement of pH of the martian regolith

was seen as a critical objective for the mission, which is why this measurement was

performed in triplicate. The dynamic range of the polymer-based pH ISEs as

determined preflight was 1< pH< 9, while the dynamic range of the iridium
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Fig. 6.5 Determination of SO4
2� by the Ba2+ ISE (filled triangle), Cl� ISE (filled square), and CP

electrode (filled circle). Response of the Ba2+ and Cl� ISEs in (a) cell 0 to the soil sample on Sols

30 and 34; (b) cell 2 to the soil sample on Sols 107 and 116; and (c) to the failed soil delivery on

Sol 96 in cell 3 (i.e., the blank). Reprinted with permission from reference (20)
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oxide electrode was 1< pH< 12.5 Here, we discuss the preflight calibration and

how the measurement was obtained on the surface of Mars.

Prior to flight each pH sensor was calibrated with four standard pH buffers

saturated with ambient air as well as with 0.5 % CO2. In order to correctly identify

the contributions of themartian soil apart from the atmospheric contributions towards

pH, the leaching solutions were pH buffered by equilibration with a gas that was

predicted to be similar to the martian atmosphere (0.8 %CO2, 94.2%N2, and 5%He

at 1,000mbar pressure). The leaching solutions delivered onMars to eachWCLwere

expected to have a pH of 5.06� 0.04 at the analysis temperatures expected onMars.5

Figure 6.6 shows the response of a polymeric membrane pH electrode towards

the Sorceress 1 sample. The early part of the green curve confirms that after

equilibration with the martian atmosphere the pH was indeed within the expected

range. This measurement served as the initial calibration point for the pH sensors.

As the cell was burped, the pH increased to 6.4, in line with the PCO2 of 8.4 mbar as

measured by the Meteorological Station (MET) aboard Phoenix. When the calibra-

tion standard was added, the pH decreased to 3.9, confirming that the pH electrodes

were functioning properly. Accounting for atmospheric PCO2 and the temperature

of approximately 8 �C (Rosy Red) and 6 �C (Sorceress 1), at the time of sample

delivery, the pH was determined to be 7.7 (�0.3) for the pH 1 sensor for the Rosy

Red sample, and 7.6 (�0.3) and 7.6 (�0.3) for pH 1 and 2 for the Sorceress

1 sample. An average of these values yields a pH for the martian soil/solution

mixture of approximately 7.7.12 This was a major finding, showing that the martian

soil was alkaline and would be a habitable soil for Earth-like organisms.

Fig. 6.6 Determination of the pH of the martian soil (Sorceress 1). Pairs of dashed blue lines
represent opening and closing of sample drawer. Orange line represents addition of calibrant acid.
Blue boxes represent intervals used for the determination of pH before opening of the sample

drawer (~LMST 10:35) and after sample delivery (~LMST 12:50). LMST is the local mean solar

time. Reprinted with permission from reference (12)

6 Extraterrestrial 145



6.3.4 Determination of the Redox Potential

The oxidation-reduction potential (Eh) was measured to determine the presence of

any species capable of oxidative electron transfer. In general, the redox potential of

a solution can be calculated using the Nernst equation:

Eh ¼ Eo � RT

nF
ln
ared
aox

� mRT

nF
ln aHþ½ 	 ð6:9Þ

where E�, R, T, n, F, and a all have their usual meanings (see Chap. 9) and m is the

number of moles of protons transferred. As Eq. (6.9) predicts, at constant pH the

measured Eh is a function of the relative amounts of reduced and oxidized species

present in solution.

The Eh of martian soil as measured in the Rosy Red beaker was 253� 6 mV at

pH 7.7� 0.1, which suggests a slightly oxidizing environment.21 The plausible

identity of the oxidizing species was investigated using laboratory measurements of

martian simulants. Figure 6.7 shows the overlay of Eh measured in WCL (black

circles) compared with simulant data with added 16 ppm oxygen (as calcium

peroxide—grey triangles) and 10 ppm ferrous iron (as ferrous sulfate—grey

crosses). The ferrous iron was found to be thermodynamically unstable at pH 7.7,

so thus any iron was likely present as a near-insoluble ferric species. The data

Fig. 6.7 Eh of Mars simulant salt mixtures containing 10 ppm ferrous iron (grey crosses) and
16 ppm peroxide (grey triangles). The data are overlaid with the measured WCL data collected

from the Rosy Red beaker. Reprinted with permission from reference (21)

146 K.M. McElhoney et al.

http://dx.doi.org/10.1007/978-1-4939-0676-5_9


suggests that the measured Eh may be due to low levels of oxidants such as metal

peroxides.21

6.4 Future Directions for Planetary
Electroanalytical Instrumentation

Currently on Mars, the rover Curiosity (also known as the Mars Science Labora-

tory, MSL) is busy refining our understanding of the martian surface. Although

there are several complex science instruments aboard the rover, there are no

electrochemical sensors. Future characterization of martian chemistry and geo-

chemistry requires in situ wet chemical analysis of the regolith. Currently under

development in our group with the support of NASA and JPL are two instrument

payloads that build upon the successes of the Phoenix mission while incorporating

new sensor technologies and measurement protocols. A discussion of these instru-

ments is presented below with a focus placed on the electrochemical sensors that

are under development.

6.4.1 The Next-Generation WCL: CHEMSENS

The NASA supported development of the in situ Chemical Analysis Laboratory
and Sensor Array (CHEMSENS) is based on the PhoenixWCL and will provide for

real-time investigation of the soil on Mars and similar planetary settings. Though

the Phoenix mission is viewed as highly successful and is still providing results

years after the end of the mission, it was clear that improvements could be made for

future missions. These included (1) the number of individual WCL units, (2) an

increased number of sensors in the array, and (3) sensor redundancy. Incorporating

these improvements resulted in a scalable payload of “mini-WCL” units with a

movable gantry for sample delivery and various actuator assemblies. This will

allow for a payload of a few or a hundred WCL units to be incorporated into a

lander or rover.

While decreasing the overall size of the WCL unit from accommodating 1 cc of

soil and 25 mL of leaching solution to 1 cc of soil and roughly 8 mL of leaching

solution, the number of sensors was increased by a factor of greater than 3. In order

to achieve this goal while increasing the number of sensors, the overall size of the

sensors needed to be miniaturized. ISEs in the WCL beaker had an outer diameter

(O.D.) between 6 and 7 mm. Along with the conductivity sensors (O.D. ~10 mm)

the ISEs took up the greatest amount of space in the WCL. Figure 6.8 shows a

prototype of the CHEMSENS beaker where there is room for 15 sensors per beaker

wall and the actuator assembly and delivery is accomplished by the XY gantry

above the beaker.
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The main task and challenge of the sensor development was the miniaturization

of the ISEs. When the active area of the internal reference element reservoir

(pHEMA) was decreased, the sensors lost their ability to operate for more than a

few days, if at all. Keeping the reservoir O.D. of ~3 mm, the membrane diameter

was then decreased from 6 to 7 mm to ~4 mm (Fig. 6.9). When performing studies

Fig. 6.8 Prototype of the CHEMSENS beaker and actuator assembly (a). Each beaker has been

fabricated to accommodate 15 sensors per wall across 3 walls and an empty wall for the

incorporation of other electrochemical sensors such as pH, conductivity, CV, and CP. The actuator

assembly is on an XY gantry that will deliver sample (after external delivery to sample cup),

dispense calibration solutions, and weigh samples. A close-up of the beaker (b) shows the leaching
solution reservoirs, with four equal volume reservoirs (larger circles). Courtesy of Draper/Tufts

Fig. 6.9 A comparison of the sensor housing used in WCL and developed for CHEMSENS. The

sensor housing on the left is similar to that used during the Phoenix mission housed in the WCL

beakers. The middle housing was an initial prototype, and the housing on the right is the current
housing used for the ISEs for the CHEMSENS project. Courtesy of McElhoney/Tufts
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with the pHEMA, leaching of the electroactive components occurred much faster

than for the large O.D. ISEs. To counteract the loss of ionophore, a previous method

incorporating porous carbon was utilized.22 Doping the porous carbon with a

plasticized ionophore mixture allowed any ionophore that leached out of the

ion-selective membrane (ISM) to be replaced from the reservoir, driven by the

equilibrium between the two phases. This allowed for continuous monitoring of

solutions in constant contact with solution for >50 days.23

6.4.2 A Microfluidic Wet Chemical
Analysis System: NERNST

Another approach being developed in our laboratory in collaboration with

researchers at NASA’s Jet Propulsion Laboratory is a microfluidic total analysis

system for analysis of martian regolith (Fig. 6.10). The system, called NERNST,

provides a more detailed chemical picture of the martian surface material by

allowing the manipulation of reagents and increasing the number of measurements.

A microfluidic system offers several very attractive advantages for in situ planetary

analysis: it requires very little power; can be effectively miniaturized to have a

small footprint; and uses extremely small amounts of reagents. In addition, the

analyses generally do not suffer as a result of miniaturization.

The NERNST concept applies several lessons learned from the Phoenix mission

in order to provide a more robust, sensitive, and accurate measurement of the

martian regolith. With NERNST, a sample of martian soil is first mixed with

water off-chip in a sample extraction hub, and then the sample leachate (the

water separated from the soil-water mix) is pumped on-chip for analysis. The

sample can then be manipulated (with acid/base, BaCl2, etc.) and measured multi-

ple times with multiple electrodes in order to provide a deeper understanding of the

soluble chemistry of the soil sample.

Fig. 6.10 The NERNST setup showing full assembly (a) and chip (b). Courtesy of NASA JPL
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The advantages of using this microfluidic configuration lies in the ability to more

closely perform a classical laboratory-based wet chemical analysis. For instance,

with NERNST the electrodes can be calibrated over their entire dynamic range

prior to sample analysis, and then spot-checked randomly throughout the analysis

time. This is typical laboratory procedure, but was not available on Phoenix due to

the beaker and experiment design. A second advantage is that reagents can be added

to small aliquots of the sample solution without permanently altering the stock

sample.

Automated wet chemical analysis systems such as CHEMSENS and NERNST

can be used in conjunction with electroanalytical sensors, not only to reduce the

mass, cost, and power consumption of the instrument, but also to provide a very

detail picture of the aqueous geochemistry of samples in remote extreme environ-

ments. The direction of such devices points to evermore sophisticated robotic

systems that could one day provide basically the same chemical analyses as a

sophisticated terrestrial analytical laboratory.
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8. Bühlmann P, Pretsch E, Bakker E (1998) Carrier-based ion selective electrodes and bulk

optodes. 2. Ionophores for potentiometric and optical sensors. Chem Rev 98:1593–1688

9. Buck RP, Lindner E (1998) Studies of potential generation across membrane sensors at

interfaces and through bulk. Acc Chem Res 31:257–266. doi:10.1021/ar9700623

10. Cosofret VV, Erdosy M, Johnson TA et al (1995) Microfabricated sensor arrays sensitive to pH

and K+ for ionic distribution measurements in the beating heart. Anal Chem 67:1647–1653.

doi:10.1021/ac00106a001

11. Bard AJ, Faulkner LR (2001) Electrochemical methods: fundamentals and applications, 2nd

edn. Wiley, New York, NY

12. Kounaves SP, Hecht MH, Kapit J et al (2010) Wet chemistry experiments on the 2007 phoenix

Mars scout lander mission: data analysis and results. J Geophys Res 115:E00E10. doi:10.1029/

2009JE003424

13. Hecht MH, Kounaves SP, Quinn RC et al (2009) Detection of perchlorate and the soluble

chemistry of martian soil at the phoenix lander site. Science 325:64–67

150 K.M. McElhoney et al.

http://dx.doi.org/10.1029/2009JE003424
http://dx.doi.org/10.1029/2009JE003424
http://dx.doi.org/10.1021/ac00106a001
http://dx.doi.org/10.1021/ar9700623
http://dx.doi.org/10.1002/anie.200605068
http://dx.doi.org/10.1029/2008JE003084
http://dx.doi.org/10.1029/2008JE003083
http://dx.doi.org/10.1029/2002JE001978


14. Stoker CR, Zent A, Catling DC et al (2010) Habitability of the phoenix landing site. J Geophys

Res 115:E00E20. doi:10.1029/2009JE003421

15. Kounaves SP, Stroble ST, Anderson RM et al (2010) Discovery of natural perchlorate in the

Antarctic Dry Valleys and its global implications. Environ Sci Technol 44:2360–2364. doi:10.

1021/es9033606

16. Catling DC, Claire MW, Zahnle KJ et al (2010) Atmospheric origins of perchlorate on Mars

and in the Atacama. J Geophys Res 115:E00E11. doi:10.1029/2009JE003425

17. Kounaves SP, Chaniotakis NA, Chevrier VF et al (2013) Identification of the perchlorate

parent salts at the Phoenix Mars landing site and possible implications. Icarus 232:226–231

18. Boynton WV, Ming DW, Kounaves SP et al (2009) Evidence for calcium carbonate at the

Mars Phoenix landing site. Science 325:61–64
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Part II

Fundamental Concepts of Sensors and
Biosensors



Chapter 7

Electrochemical Sensor and Biosensors

Cecilia Cristea, Veronica Hârceagă, and Robert Săndulescu

7.1 General Sensor Concept

From the basic researches of the electrochemistry parents, Volta, Galvani, Sir

Humphry Davy, and Faraday, a long period of silence followed in this interdisci-

plinary field that ends only at the beginning of the twentieth century with the

invention of the glass electrode by M. Cremer and the discovery of polarography

by J. Heyrovsky. That was the moment when modern electrochemistry was born.

The research boom, which leads to the elaboration of the most well-known elec-

trochemical methods and main types of electrodes, continues even today. Electro-

chemical methods (potentiometry, voltamperometry, and conductimetry) experienced

a huge development due to their multiple advantages that they offer, mainly the high

sensitivity that allows detection of concentrations in the range of 10-8–10-10 M

especially for differential pulse, square wave voltammetry, and stripping techniques.

At the same time the major disadvantage of the electrochemical methods became

obvious: lack of selectivity. Practically, all the electroactive species can be reduced

or oxidized from a sample or from a matrix and the simultaneous detection in the

same sample is possible only in the case when two species possess redox potentials

sufficiently separated in the investigated domain of potential. The reduced selec-

tivity was the main issue that pointed the researchers’ attention towards the delicate

area of the electrode surface, where essential phenomena take place and trigger the

race that still continues today having the goal of increasing the selectivity (speci-

ficity) for certain analytes. A new domain has been born, the field of modified

electrochemical sensors. There are several possibilities today to modify the elec-

trode material or its surface; the general strategies of electrochemical sensor

technology will be discussed later.
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Analytical Chemistry Department, Faculty of Pharmacy, “Iuliu Haţieganu” University
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According to IUPAC1 a chemical sensor is “a device that transforms chemical

information, originating from a chemical reaction of the analyte or from a physical

property of the investigated system, ranging from the concentration of a specific

sample component to total composition analysis, into an analytically useful signal.”

Generally, chemical sensors contain two basic functional units connected in

series: a chemical (molecular) recognition system, named receptor, which trans-

forms the chemical information into a measurable form of energy, and a physico-

chemical transducer capable of transforming the energy carrying the chemical

information about the sample into a useful analytical signal.1

A modern sensor system generally incorporates besides the receptor and the

transducer other two key components: a sample delivery unit and a data processor.2

The receptor part of the chemical sensors is based on three various basic

principles of stimulus: physical, where no chemical reaction takes place (e.g.,

measurement of absorbance, refractive index, conductivity, temperature or mass

change); chemical, in which a chemical reaction with participation of the analyte

gives rise to the analytical signal; and biochemical, in which a biochemical process

is the source of the analytical signal (e.g., enzyme amperometric sensors, microbial

potentiometric sensors, or immunosensors).1 The last category consists of the well-

known biosensors and they can be differentiated according to the biological ele-

ments used as receptor, namely enzymes, nucleic acids, aptamers, antibodies,

organelles, membranes, cells, tissues, or even whole organisms.

The main function of the receptor is to provide the sensor with a high degree of

selectivity for the analyte to be measured. While most chemical sensors are more or

less selective (specific) for a particular analyte, some are, by design and construc-

tion, only class specific, e.g., sensors or biosensors for phenolic compounds, or

whole-cell biosensors used to measure the biological oxygen demand.

The second part of a sensor, the transducer, serves to transfer the signal from the

output domain of the recognition system into an output signal (usually electric)

which is then amplified by the electronics and converted into useful data.3

According to the operating principle of the transducer, chemical sensors may be

classified in optical, electrochemical, electrical, mass-sensitive, magnetic, and

thermal sensors or sensors based on other physical properties such as radioactivity.

The transducer part is responsible for the sensitivity of the device.

1. Optical devices transform changes of optical phenomena, which are the result of

an interaction of the analyte with the receptor part. This group may be further

subdivided according to the type of optical properties which have been applied

in the chemical sensors: absorbance, reflectance, luminescence, and fluores-

cence, refractive index including the surface plasmon resonance effect, the

optothermal effect, and light scattering.

2. Electrochemical devices transform the effect of the electrochemical interaction

which takes place between the analyte (or the generated species from the

interaction of the analyte and a biological compound) and the electrode into an

exploitable electric signal (current or potential). Such effects may be stimulated
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electrically or may result in a spontaneous interaction at zero-current conditions.

The following subgroups may be distinguished:

– Voltammetric sensors, including amperometric devices, in which a current is

measured in direct or alternating current mode. This subgroup may include

sensors based on chemically inert electrodes, chemically active electrodes,

and modified electrodes. In this group are included also sensors with and

without (galvanic sensors) external current source.

– Potentiometric sensors, in which the potential of the indicator electrode

(ion-selective electrode, redox electrode, metal/metal oxide electrode) is

measured against a reference electrode.

– Chemically sensitized field effect transistor in which the effect of the inter-

action between the analyte and the active coating is transformed into a change

of the source-drain current. The interactions between the analyte and the

coating are, from the chemical point of view, similar to those found in

potentiometric ion-selective sensors.

– Potentiometric solid electrolyte gas sensors, differing from classical potenti-

ometric sensors because they work with high-temperature solid electrolytes

and are usually applied for gas-sensing measurements.

3. Electrical devices based on measurements, where no electrochemical processes

take place, but the signal arises from the change of electrical properties caused

by the interaction with the analyte. This group can be subdivided into metal

oxide semiconductor sensors, organic semiconductor sensors, electrolytic con-

ductivity sensors, and electric permittivity sensors.

4. Mass-sensitive devices transform the mass change at a specially modified

surface into a change of a property of the support material. The mass change

is caused by accumulation of the analyte. This group has two subgroups:

piezoelectric devices and surface acoustic wave devices.

5. Magnetic devices based on the change of paramagnetic properties of a gas being

analyzed. These are represented by certain types of oxygen monitors.

6. Thermometric devices based on the measurement of the heat effects of a specific

chemical reaction or adsorption which involve the analyte. Examples of this

group are the so-called catalytic sensors. The devices based on measuring

optothermal effects can alternatively be included in this group.

7. Other physical properties as for example X-, β-, or I�-radiation may form the

basis for a chemical sensor in case they are used for determination of chemical

composition.1

Among the different classes of transducers employed in sensor and biosensor

construction, the electrochemical transducers are the most used ones. They occupy

the first position as far as their disponibility on the market is concerned and they

have already demonstrated their practical utility. Electrochemistry has superior

properties in comparison to other measurement systems because of the rapid,

simple, and sensitive characteristics.4
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The transducer part of an electrochemical sensor is also called a detector, sensor,

or electrode, but the term transducer is preferred to avoid confusion.

In case of electrochemical sensors with respect to homogeneous monolithic

electrodes, the electrode material fulfilled both roles, as receptor and transducer,

but later the run for more selective surfaces has focused the attention of

electrochemists to the electrode surface, which is in fact the receptor and is

responsible for the sensor’s selectivity.

In addition to the classifications of sensors according to the operation principle

of the receptor or the transducer part, they can also be classified based on the

analyte to be measured: sensors for pH, for metal ions, or for oxygen or other gases,

or based on the mode of application: for use in vivo, for process monitoring, etc.

Taking into consideration the abovementioned criterions, attention must be paid

to avoid confusion between the terms biosensor and chemical and physical sensors.

A biosensor, which by definition incorporates a biological compound, can be used

to monitor either biological or non-biological matrices. Chemical sensors, which

incorporate a non-biological specificity-conferring part, although used for monitor-

ing biological processes, such as the in vivo pH or oxygen sensors, are strictly

speaking not biosensors. Similarly, physical sensors used in a biological environ-

ment, even electrically based, such as in vivo pressure or blood flow sensors, are

also excluded from the class of biosensors.5

7.2 Comparison with Biological Sensors

All living organisms contain biological sensors with functions similar to those of

the electrochemical devices described above. Generally speaking a sensor, either

electrochemical or biological, is a device which receives and responds to a signal

when activated.

Most of the biological sensors are specialized cells that are sensitive to a

stimulus that can be light, motion, temperature, magnetic field, gravity, humidity,

moisture, vibration, pressure, electrical field, sound, and other physical aspects of

the external environment, physical aspects of the internal environment (stretch,

motion of the organism), environmental molecules (toxins, nutrients, pheromones),

internal metabolic milieu (glucose level, oxygen level, osmolality), internal

signal molecules (hormones, neurotransmitters, cytokines), and differences

between proteins of the organism itself and of the environment or alien creatures.

Starting from this similarity the word receptor or bioreceptor, used for the

recognition system of a chemical sensor or biosensor, comes from the sensing

systems present in living organisms or systems where the actual recognition is

performed by a cell receptor.

Also the term sensitivity can be used for both electrochemical and biological

sensors having the same meaning. It indicates how much the sensor’s output

changes when the measured quantity of the stimulus changes.
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Having very similar operating mode and design there are even electrochemical

sensors described in the scientific literature called electronic nose6 or electronic

tongue.7,8

Nowadays, the term biological sensor is used extensively in the scientific

literature. Apart from its meaning as sensing organ in living organisms some

authors use it to define sensors that measure a biological component either

in vivo or in vitro or for sensors that contain in their structure a biological

component as receptor, actually the biosensors.9

7.3 The Importance of Sensors in Analytical Chemistry

Electrochemical sensors are an important domain of modern analytical chemistry.

Understanding sensor devices requires some knowledge of a variety of academic

areas. This leads to a very interdisciplinary field populated by physicists, chemists,

engineers, biologists and biochemists, materials scientists, electrochemists, and

others.

There are many examples of the topics of application of sensors including

pharmaceutics, medicine, analytical sciences, synthetic chemistry, biotechnology,

materials sciences, and (bio)molecular engineering.

Electrochemical sensors and detectors are very attractive for on-site monitoring

of priority pollutants, as well as for addressing other environmental needs. Such

devices satisfy many of the requirements for on-site environmental monitoring and

have already made a significant impact also on decentralized analysis. Electro-

chemical sensors can be used for process line monitoring across a range of simul-

taneous measurement points, bundling different levels of information into the

decision-making process.

The possibility of miniaturization and the use of these devices at the so-called

point of care or point of action is a strong driver for innovation. This is of great

importance especially for biological samples because they generally are available

in small amounts and tissue damage must be minimized in case of in vivo

monitoring.

A special advantage of sensors for analytical purposes is the possibility of

automatization and mass production of miniaturized devices.

Electrochemical sensors have major advantages over traditional analytical

methods, which will certainly lead to their even more pronounced use in the near

future. They are attractive analytical devices due to their inherent sensitivity and

selectivity towards electroactive species, sometimes even due to specificity, accu-

rate and short response times, adaptability, and simplicity of preparation. They are

compact, portable, and easy to use; they have a high benefit/cost ratio and present

quickness in data collection.

However, many sensors described in the recent literature still display a few

drawbacks when compared to other analytical methods. The most difficult problems
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to overcome are electrochemical interferences in complex sample matrices. Any-

way this can be still optimized through different design techniques.

The choice of a suitable working principle and design as well as the layout and

constituent materials of a sensor package depends very much on the requirements of

sensitivity, selectivity, portability, multivariant or single-use detection, and the

specific field of application.10

7.4 General Strategies of Electrochemical Sensor

Technology

In order to construct a successful sensor or biosensor a number of conditions must

be met:

1. The receptor must be highly specific for the purpose of the analysis, be stable

under normal storage conditions, and show a low variation between assays.

2. The reaction should be as independent as manageable of physical parameters

such as stirring, pH, and temperature. This will allow analysis of samples with

minimal pretreatment. If the reaction involves cofactors they should, preferably,

also be co-immobilized with the receptor.

3. The response should be rapid, accurate, precise, reproducible, and linear over the

concentration range of interest, without dilution or preconcentration. It should

also be free from electrical or other transducer-induced noise.

4. The method should be sensitive and have limits of detection and quantification

adequate to the concentration of the analyte, which is in many cases very low.

5. The complete sensor should be inexpensive, small, portable, automated, and

capable of being used by semiskilled operators.

6. For rapid measurements of analytes it is desirable that the sensor can provide in

situ real-time results.

7. In case of biosensors for invasive monitoring in clinical situations, the device

must be tiny and biocompatible, having no toxic or antigenic effects. Further-

more, the sensor should not be prone to inactivation or proteolysis.11

The systematic strategy for designing sensors should consider five features:

(1) the detected or measured parameter, (2) the working principle of the transducer,

(3) the physical and chemical/biochemical model, (4) the practical application, and

(5) the available technology and materials for sensor fabrication.

The selection of materials and fabrication techniques is crucial for an adequate

sensor function and the performance of a sensor often ultimately depends upon

these factors. Consequently, future developments in sensor design will inevitably

focus upon the technology of new materials. Materials used in electrochemical

sensors are classified as (1) materials for the electrode and supporting substrate

(metals: platinum, gold, silver, and stainless steel; carbon-based materials: graphite,

carbon black, and carbon fibre; new mixed materials; or organic electroconductive
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polymers or salts); (2) materials for improved sensitivity and selectivity (especially

nano-sized materials: nanoparticles and carbon nanotubes); (3) materials for the

immobilization of biological recognition elements (multifunctional agents: glutar-

aldehyde and hexamethyl diisocyanate or alternatively non-conductive polymers:

polyacrylamide and polyphenol); and (4) biological elements (enzymes, antibodies,

antigens, mediators, and cofactors); the last two are applicable for electrochemical

biosensors.12

Nanomaterials are acquiring a big impact on the development of electrochemical

sensors as they bring new possibilities for developing novel electrochemical assays.

Nanomaterials can be divided into two categories concerning their utility: nano-

scale materials for electrode construction or modification and nanomaterials as

tracers for biomolecules. Modified electrodes with nano-sized materials offer the

advantages of better sensitivity and selectivity and shorter response time.

Nanomaterials have been widely used as biomolecule tracers for electrochemical

bio-sensing. Nanoparticles are very stable (compared to enzyme labels); they offer

high sensitivity (thousands of atoms can be released from one nanoparticle) and a

wide variety of them are available on the market. Nanoparticles are used nowadays

as electrochemical labels or as vehicles containing several hundreds or thousands of

electroactive labels, pushing the detection limits down to several hundreds of

biomolecules.13

One of the most important steps in case of constructing electrochemical bio-

sensors is the optimal immobilization of the biocomponent at the surface of the

electrode. This optimum immobilization should assure a maximum quantity of

bioreceptor immobilized or, more appropriately, a maximum number of functional

reactive active sites immobilized in a unity of immobilization substrate as well as

its stability and its efficacy.

General strategies of electrochemical sensor technology will cover the develop-

ment and discovery of new biological molecules and systems, aspects of immobi-

lization and stabilization, micro- and nano-fabrication technologies, challenges

associated with measuring signals generated by bio-sensing systems, issues asso-

ciated with integrating technologies to produce a functioning bio-sensing system,

technical interfacing challenges such as sample introduction and handling through

to aspects of commercialization, and adoption of bio-sensing technology into

chosen markets.

7.5 Current Trends and Future Prospects

The requirements and regulations in the fields of environmental protection, control

of biotechnological processes, and certification of food and water quality are

becoming increasingly urgent. At the same time stricter requirements regarding

human and animal health have led to a rising number of clinical and veterinary tests.

Therefore, there is a need in developing highly sensitive, fast, and economic

methods for detection, quantification, and monitoring analysis. The elaboration of
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electrochemical sensors is probably one of the most promising ways to solve some

problems concerning sensitive, fast, simple, cost-effective, and repetitive measure-

ments with miniaturized and portable devices.

The developed sensors are mainly used in the following three ways:

1. As “off-line” detectors, when samples are taken from the investigated medium

and injected in the measuring chamber of the sensor which reads the concentra-

tion of the analyte of interest.

2. As “in vivo” detectors, when the sensor is implanted in a living organism and

continuously reads the concentration of the analyte of interest.

3. As “online” detectors, when sensors that measure the concentration of the

analyte of interest are integrated into a flow line system.14

The area of electrochemical sensor research is very active and fruitful. It must be

emphasized that most of the challenges in this field remain in the area of selectivity.

This may be overcome by their integration into more complex analytical systems

that combine online sampling and separation steps or the use of modified electrodes

with highly selective chemical or biological recognition layers. However, in cases

where direct detection in unmodified samples is possible, the high analysis speed

and the capability of detecting extremely small volumes and low concentrations

without significantly perturbing the sample remain highly attractive characteristics

of electrochemical sensors.15

On the other hand, nowadays, the general demands required for analytical

systems are extended to multianalyte sensing. Thus, tremendous efforts are focus-

ing on the development of multianalyte assays with the advantages of short analysis

time, simplified analytical procedure, decreased sampling volume, improved test

efficiency, and reduced cost as compared to parallel single-analyte assays. In this

context modified sensors could be promising analytical tools.16

The trend of using novel materials in electrochemical sensing systems for

improved selectivity and sensitivity is constantly increasing, with their success

largely due to the continuous design and development that meets the needs of

modern electrochemical (bio)sensor technology. Materials ranging from carbon

composites, beads or microspheres, molecular imprinted polymers, or quantum

dots are playing an important role in these sensing systems. Nanomaterials (e.g.,

nanoparticles and CNTs) are the core of an emerging technological revolution. The

main advantages of these materials are unique thermal, mechanical, electronic, and

biological properties not found in conventional materials. Combining these out-

standing properties with their remarkable recognition capabilities has resulted in

systems with significantly improved performance for analytical applications. Most

of the exceptional characteristics of nanomaterials are linked to their surface

properties (area, roughness, energetic characteristics, and electron distributions)

which enable improved interactions with many chemical and biological entities.

These characteristics result in improved stability and selectivity of nanomaterials,

and finally of the whole electrochemical sensor device.17

The electrochemical sensors are adaptable also to flow injection systems that

have the advantages of high sample throughput.18
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One of the main challenges faced nowadays by the analytical chemist is the

development of methods that respond to the growing need to perform rapid “in situ”

analyses. The advancement in miniaturization and microfabrication technology has

led to the development of sensitive and selective electrochemical devices for field-

based and in situ environmental monitoring. Electrochemical sensing devices have

a major impact upon the monitoring of priority pollutants by allowing the instru-

ment to be taken to the sampling site (rather than the traditional way of bringing the

sample to the laboratory). Such devices can perform automated chemical analyses

in complex matrices and provide rapid, reliable, and inexpensive measurements of a

variety of inorganic and organic pollutants.19

Some other expectations of the nowadays practice is the development of ana-

lytical devices that are able to monitor in real time in vivo parameters. In this case

electrochemical biosensors have played an important significant role in the transi-

tion towards point-of-care diagnostic devices. Such electrical devices are extremely

useful for delivering the diagnostic information in a fast, simple, and low-cost

fashion in connection with compact (handheld) analyzers. Such modern electro-

chemical bioaffinity, DNA, or immunosensors have been developed with remark-

able sensitivity essential for early cancer detection.20

One of the most important driving forces for research in many areas of modern

analytical chemistry is miniaturization, simplification, automation, and computer-

ized instrumentation of the whole analytical procedure, the so called lab-on-a-chip

or micro total analysis (μTAS) technology. The speed for generating the results

(high throughput), the amount of information (simultaneous or multiparametric),

and the autonomy (portability) are obvious advantages. Other characteristics of

miniaturized systems are the simplicity of use and the cost efficiency, combined

with small reagent consumption and small waste generation. Recent advances in

electrochemical sensor technology include the introduction of microfabrication and

ultramicroelectrodes. Although exciting to contemplate, electrochemical or other

types of “chips” have not been widely accepted yet in the commercial area. So far

these techniques have neither demonstrated the compelling, cost-effective benefits

required to displace current technology or workflow nor have they shown the ease

of use needed to induce users to change. The major benefit claims of minimum

sample requirement and solvent and reagent savings from these approaches seem

however encouraging.21

Another reason to consider electrochemical sensors as attractive alternative in

modern analytical chemistry is the possibility of mass production, the flexibility of

the design, and the simplicity of manufacturing especially if we think of screen-

printed electrodes.

Originally the biological recognition element in case of electrochemical bio-

sensors was assumed to be isolated from a living system, but now there are

prospects of synthesizing this component or employing genetically modified

enzymes to increase some specific features of the biorecognition-based assays

such as sensitivity, selectivity, and stability. In order to improve these experimental

parameters genetic engineering should emphasize two main fields for biosensors—

genetically transformed cells and genetically engineered receptor molecules.
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Genetic modification already showed the potential for selection of enzyme variants

that are specific for a range of individual compounds. Even more novel gene fusions

have also resulted in more sensitive biosensors.22

Transferability of the analytical data is related to the appropriate analytical

validation in order to provide robust and standard operational procedures for

practical use in routine analytical work or in control programs. In case of electro-

chemical sensors the validation step is still a hurdle to be overcome that requires

additional further works.23

Sensor science generates thousands of new publications each year. Undoubtedly,

the development of sensor applications, in the course of these last years, is and has

to remain multidisciplinary with research and engineering opportunities straddling

across chemical engineering, biology, chemistry, physics, materials, processing

science, surface science, information science, and other engineering disciplines,

so the innovative ideas described in the scientific literature will reach the market-

place in the future.
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Chapter 8

Electrochemical Sensors in Environmental

Analysis

Cecilia Cristea, Bogdan Feier, and Robert Sandulescu

8.1 The Importance of Environmental Analysis

Monitoring the environment for contaminants is nowadays closely related with our

whole planet and human health. Due to the large variety of pollutants and required

environmental analyses, the need for rapid, sensitive, decentralized analysis is

continuously increasing. Electrochemical sensors could be well suited for this

need but also could complement standard analytical techniques validated for

some environmental analysis. When speaking about environmental analysis it

should be underlined that this includes atmospheric analysis, groundwater and

surface water analysis, ocean monitoring, soil analysis, and agriculture, food, and

even pharmaceuticals monitoring.

With the development of industries, mining, and large-scale agriculture the

number of pollutants threatening the environment, with effects on human and

animal health, has increased a lot. The immune system can be attacked by many

chemicals, with potentially severe adverse effects on the human health. In Western

European countries, pesticides, together with other chemicals, have been implicated

in the increasing prevalence of diseases associated with alterations of the immune

response, such as hypersensitivity reactions, autoimmune diseases, and even can-

cer. Xenobiotics may initiate, facilitate, or exacerbate pathological immune pro-

cesses, resulting in immunotoxicity by induction of mutations in genes coding for

immunoregulatory factors, modifying immune tolerance and activation pathways.1

The development of medicine at the cellular and molecular scale has allowed a

better understanding of the mechanism by which these pollutants harm the leaving

cells, leading to better protocols for avoiding work-related intoxications, increasing

demands for environmental protection, and decreasing accepted limits for all the
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pollutants. For example, a concentration of lead in the blood of 60 μg/dl was
considered safe in the 1960s, the acceptable concentration being reduced to

25 μg/dl in 1985 and to 10 μg/dl in 1991. Despite these changes, subclinical effects
of lead exposure have been reported at concentration less than 10 μg/dl.2 This

continuous increase in the level of exigence regarding the environmental analyses

demands a continuous improvement of the analytical methods and the development

of new ones.

Table 8.1 presents the admitted concentrations in drinking water as

recommended by the World Health Organization,3–5 sources of pollution, possible

toxic effects,6–8 and some analytical methods and their LOD for some of the

pollutants discussed in this work.

The main purpose of this chapter is to present the potential use of electrochem-

ical sensors and biosensors in environmental monitoring.

8.2 General Definitions of Electrochemical (Bio)sensors

A chemical sensor is a device that transforms chemical information into an analyt-

ically useful signal (see previous chapter). Sensors contain two basic functional

units: a receptor, at which the chemical information is transformed into a form of

energy which may be measured by the transducer, which is capable of transforming

the energy carrying the chemical information about the sample into a useful

analytical signal (Fig. 8.1). The transducer does not show selectivity; thereby in

order to increase this property a modification of the receptor is needed.9

Electrochemical sensors transform the effect of the electrochemical interaction

which takes place between the analyte and the electrode surface into an analytical

signal (current or potential). The abovementioned electrochemical reaction may be

electrically stimulated or may result in a spontaneous interaction at zero-current

conditions.9

Electrochemical sensors can be classified as voltamperometric and potentiomet-

ric sensors, chemically sensitized field effect transistors, and potentiometric solid

electrolyte gas sensors (10) (see also the previous chapter).

Receptor TransducerPhysical

Chemical

Biochemical Optical

Electrical

Electrochemical

Mass 
sensitive

Magnetic

Thermometric

Other physical
propertis

Fig. 8.1 Sensor classes
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The advantages of electrochemical sensors that could be exploited in environ-

mental monitoring are the following:

1. The development of miniaturized sensors and of portable instrumentation allows

the use of electrochemical sensors for in situ and flow system environmental

monitoring.

2. Each chemical species and element has its own associated oxidation/reduction

potential; therefore by applying this potential in voltamperometric sensors

certain selectivity and specificity could be gained.

3. The selectivity can be also improved by the judicious choice of electrode

material or by its modification.

4. High sensitivity and low detection limits can be obtained, due to performant

electrochemical instrumentation and the possibility of accumulation of the

species at the electrode surface.

Electrical sensors differ from electrochemical ones by the fact that no electro-

chemical processes take place, the signal being the result of the change of electrical

properties caused by the interaction of the analyte as described in the previous

chapter.

Biosensors are based on the same principles as the chemical sensors. They could

be defined as analytical devices that associate a biological recognition element (i.e.,

enzymes, nucleic acid, antibodies, organelles, membranes, cells, tissues, or even

whole organisms) that are immobilized at the surface of a transducer (made on

carbon-based materials, platinum, gold, magnetic nanoparticles, silicon, glass, etc.).

Another definition of a biosensor establishes that it is an integrated device that

consists of a biological recognition species in direct contact with a transduction

element. Therefore, biosensors can be categorized according to the biological

recognition element (immuno, enzymatic, DNA, and whole-cell biosensors) or

the signal transduction method (optical, mass-based, electrochemical, and thermal

biosensors). To summarize, a biosensor combines a biological recognition element

with a suitable transduction method such that a meaningful signal can be realized

when binding or some reaction occurs between that element and a target species.

The implementation of several techniques in environmental analysis leads to

reducing and/or eliminating the amounts of toxic discharges into the environment.

It could be observed that there is a constant need to develop techniques and devices

that can detect and monitor the environmental pollutants in a sensitive and selective

manner to enable effective remediation. Due to their integrated nature, biosensors

are ideal for environmental monitoring and detection as they can be portable and

able to provide selective, sensitive, and fast responses in real time.11

In fact, during the last 20 years, biosensors were successfully applied in many

fields of the environmental analysis, especially due to a variety of enzymes pro-

duced by bacteria, plants, or animals. Another reason is their catalytic property and

the possibility of modifying the substrate specificity through genetic engineering.

Recent trends and challenges in research and development of sensors and bio-

sensors consist in increasing the selectivity and sensitivity, particularly in the

detection of species of environmental significance such as organic contaminants,
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organophosphate nerve agents, polyaromatic hydrocarbons (PAH), polyphenols,

pesticides, pharmaceuticals, and heavy metals as inorganic pollutants.

An innovative direction in the development of sensors is devoted nowadays to

the modification of the electrode surface. Normally, the electrochemical methods

and the electrochemical sensors are not very selective. In order to increase the

selectivity of several methods and of electrodes, modification of their surfaces was

performed. Even though the modified electrodes are in the early stages of their

development their modified interfaces represent a great promise for environmental

monitoring.

In environmental analysis modified electrodes could be useful due to the accel-

eration of the electron transfer reaction, accumulation of pollutants at the surface of

the electrodes, permselective transport, incorporation of antibodies or small pro-

teins (affibodies, aptamers, and mARN), incorporation of whole bacteria or cells in

membranes attached to the electrodes, use of modified porous electrodes, flow

analysis, and coupling electrochemistry with electrophoresis or chromatographic

techniques.12,13 The electrodes can be modified by formation of films at their

surface, by using membranes, by adsorption, by layer-by-layer deposition, by

monolayer, by covalent grafting, etc. (see corresponding topics in Chap. 3). Com-

pared to other analytical methods electrodes present the advantage of being easily

modifiable, allowing modification of the surface of the electrode by physical,

chemical, or electrochemical processes.

8.3 Advantages and Disadvantages of Electrochemical

Sensors and Their Importance in Environmental

Analysis

Electrochemical sensors present many advantages as follows: very good sensitivity

which allows low LODs and LOQs; fast analytical response making them useful for

flow analysis and alert systems; simplicity offering practically an unlimited choice

of electrode materials, geometries, and configurations; ease of use (simple and

low-cost equipment, possibility to be integrated as detection module in various

analytical systems, few analytical steps, it does not request specialized personnel);

miniaturization and automation (useful in environmental and biomedical applica-

tions); and mass fabrication, meaning low cost and development of single-use

disposable sensors, very important especially in the medical field where contami-

nation is a major issue.

Biosensors are attractive analytical devices for environmental and biomedical

analysis featuring other additional advantages: detection of the key substrate is very

often made without prior separation; the sensitivity could arrive at ng/ml; high

selectivity, and sometimes even specificity; high benefit/cost ratio; simple use; and

the rapid data collection. The main advantages and drawbacks of first, second, and
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third generations of amperometric biosensors will be described in a dedicated

subchapter.

However, the major disadvantages of electrochemical sensors have to be men-

tioned: low or lack of selectivity, low reproducibility, and difficult validation of the

analytical method. The most difficult problems to overcome for biosensors are

reduced stability, rapid loss of enzyme activity, limited lifetime of biosensors,

electrochemical interferences from complex sample matrices, bioincompatibility,

and biofouling in case of in vivo measurements.14,15

In comparison to other instrumental methods of chemical analysis, electroana-

lytical instrumentation is relatively easy to miniaturize. The main trends in modern

electroanalysis include development of chemical and biochemical sensors based on

progress in chemical and biochemical methods of molecular recognition and

development of measuring devices of a large integration scale, including sensor

arrays. This is accompanied by the use of new materials, including nanomaterials

and nanostructures, as well as the introduction of flow systems.16

The main classes of pollutants which will be described in several chapters are

presented here briefly comparing the results of electrochemical sensors to other

analytical methods.

8.3.1 Electrochemical Detection of Polyphenols

Phenols, widely used in industry, represent one of the most common organic water

pollutants, being extremely toxic even at low concentrations. It is worth mentioning

that phenol is relevant in environmental research, because it has been chosen

frequently as a model pollutant and many data are available on its removal from

wastewater treatments.17 Besides being toxic, phenol is also a refractory compound,

its removal from wastewater being difficult.18

Among the carbon-based electrodes, used to replace the mercury electrode,

modification of the electrode surface to improve its performance was made by the

addition of carbon nanotubes, magnetic or metallic nanoparticles, thin films, etc.

The literature reports the use of biosensors incorporating tyrosinase (polyphenol

oxidase) for the detection of phenols in aqueous and in organic medium.19

Organic phase enzyme electrodes (OPEEs) have attracted considerable interest

for their applications in environmental and clinical monitoring. The use of organic

solvents facilitates, indeed, the detection of compounds poorly soluble in water,

prevents microbial contamination, and may circumvent side reactions leading to

enzyme deactivation or electrode fouling. Among the various enzymes successfully

applied to the fabrication of OPEEs, polyphenol oxidase (PPO) was widely used

because Kazandjian and Klibanov demonstrated, 30 years ago, the possibility for

this enzyme to work in chloroform.20 Thanks to its excellent activity in both

aqueous and organic solvents, this enzyme which catalyzes the oxidation of phenols

and o-diphenols to o-quinone constitutes a convenient enzyme model for the

concept and the development of new procedures of OPEE construction.
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Cristea et al.19 developed an amperometric biosensor using a hydrophilic

polypyrrole film electrogenerated from a new bispyrrolic derivative containing a

long hydrophilic spacer in which the polyphenol oxidase was entrapped. The

amperometric detection of catechol was carried out in anhydrous chloroform at

�0.2 V versus Ag/AgCl. Owing to its cross-linking structure and its partially

hydrophilic character, the polymer film constitutes an attractive host matrix for

biosensor construction. The immobilization of PPO was performed by electropo-

lymerization of a monomer/enzyme mixture deposited on a glassy carbon electrode

surface following the “adsorption step procedure.” For this purpose, a controlled

potential of 0.8 V versus Ag/AgCl was applied at glassy carbon electrodes, mod-

ified by PPO-monomer coatings, with different ratios of enzyme/monomer. The

electroanalytical parameters of the biosensor strongly depended on its configuration

and on the hydration state of the enzyme matrix. Nevertheless, it should be noted

that this optimized biosensor sensitivity (15.6 mA/M cm2) remained lower than

those previously reported for PPO electrodes based on sol–gel or organohydrogel

composites (27.5–785 mA/M cm2) and also exhibited broader linearity ranges.19

Compared to solid electrodes (like glassy carbon or other carbon-based mate-

rials) the screen-printed electrode (SPE)-based electrochemical biosensors appear

to be an attractive and suitable option for more sensitive and selective determina-

tions of phenolic compounds. Enzymes have been widely used in the preparation of

biosensors for the determination of phenol derivatives and have allowed the

measurement to be performed at a low operation potential to significantly reduce

interference.

In the construction of a biosensor one of the most important aspects that affect

the performances of enzymatic biosensors is the effective immobilization of the

enzyme on the electrode surface. Hence, most research in this area has focused on

the development of approaches that retain the biochemical activity of an enzyme

while minimizing denaturation of the enzyme and its leakage into solution. One

approach is to immobilize the enzyme through the entrapment method. As

immobilizing agents, polyazetidineprepolymer (PAP) and polyvinyl alcohol pho-

topolymer have been successfully used to immobilize enzymes on the surface of

SPEs. The efficiency of the constructed SPEs was confirmed by Fusco et al. by

using them successfully for phenolic analysis.21–23 Electrodeposition is another

simple method to immobilize an enzyme onto an electrode surface. The detection of

phenol using SPEs modified with MWCNTs without their entrapment in a poly-

meric film or any other matrix was achieved through the electrodeposition of PPO

with the addition of a Bi3+ precursor onto the electrode.24 Other research reported a

biosensor for the detection of 1,2-diaminobenzene (DAB) by electropolymerization

of PPO, DAB, and a mediator complex on a screen-printed Pt electrode.25 The

analytical results for DAB demonstrated that the mediator-modified enzymes

showed improved electron-transfer rates compared to that of the native enzyme.

Recently, other efficient immobilization techniques have been developed. The

combination of magnetic nanoparticles with bioimmobilization, separation, and

detection could provide unique capabilities and improve the performances of the

biosensors. Magnetic nickel or gold nanoparticles were used as an immobilization
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platform to construct disposable biosensors with the highest performance for the

determination of bisphenol A. A comparison between biosensors based on Fe3O4

and AuNPs was made by Alkasir et al.26 Other simple and versatile noncovalent

methods through supermolecular interactions that could also be used to construct

biosensors are presented in an interesting review by Li et al.27

Enzyme-based biosensors have been used also for the detection of phenolic

estrogens. The detection principle was based on the ability of tyrosinase to catalyze

the oxidation of phenolic estrogens to o-diphenol and o-quinone. Using this prin-

ciple tyrosinase-carbon paste electrodes have been used for the detection of phenol,

catechol, bisphenol A, genistein, quercetin, nonylphenol, and diethylstilbestrol with

detection levels in the micromolar range.11 Optical and amperometric biosensors

based on estrogen receptors have also been developed.

Polychlorinated biphenyls (PCBs) are related to immunological abnormalities,

reproductive dysfunction, increased thyroid volume, and liver and thyroid disor-

ders, interfering with the endogenous hormone systems and referred to as

endocrine-disrupting chemicals. Immunosensors for the detection of PCBs were

constructed by immobilizing an anti-PCB antibody within a conducting polymer

matrix. The specific binding between PCB and its antibody was monitored electro-

chemically down to ng ml�1 levels. Biosensors for PCBs and for aromatic amines

using DNA have also been constructed. In this case, the analytical signal is

represented by the reduction of the anodic peak of guanine in the presence of

increasing concentrations of the organic compounds.28,29

Nitrophenols, commonly used in the manufacture of wood preservatives, explo-

sives, pesticides, dyes, plasticizers, and pharmaceuticals, are toxic and

biorefractory compounds, and are classified as priority pollutants, dangerous for

the environment, both in the USA, in UESEPA list, and in EU countries. p-
Nitrophenol (PNP) is used in the manufacture of acetaminophen, one of the most

popular analgesics, pesticides, and dyes, but is a carcinogen, mutagen, and cyto-

and embryotoxic compound, which led the European Commission to set for it a

limit of 0.1 ppb in drinking water. In order to detect selectively, sensitively, and

rapidly this compound in the field, whole-cell biosensors were developed using

different bacteria.30 Moraxella sp. is able to specifically degrade PNP to hydroqui-

none, a more electroactive compound than PNP, so a microbial biosensor for PNP

was constructed. By using a modified carbon paste electrode withMoraxella sp. the
electrochemical oxidation current of phenol to hydroquinone was measured and

directly correlated to the concentration of p-nitrophenol. In another microbial

biosensor, the authors took advantage of the fact that Moraxella sp. consumes

oxygen to oxidize p-nitrophenol to hydroquinone. So, by measuring the oxygen

concentration with a Clark oxygen electrode the p-nitrophenol concentration was

estimated.31 Similar biosensors were fabricated with Arthrobacter sp.32,33

A very difficult process is the treatment of water contaminated with

p-nitrophenols. The presence of the nitro group in their structure gives them a strong

chemical stability and resistance to microbial degradation. Therefore, reducing the

concentration of these compounds in wastewater by adsorption is an environmentally

important task besides their detection. Activated carbons are effective adsorbents for
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the organic compounds34; however, they are expensive and hardly recyclable. There

are of low cost and widely available adsorbents, such as zeolites, biosorbents, and

clays that are in trend in this field of research. Recent studies suggest that modified

clays are effective adsorbents for phenolic compounds and nitrophenolic deriva-

tives.35 The work of Tertiș et al. presents a combined procedure of the electrochem-

ical reduction with the adsorption on active carbon (A+R), with the goal to reduce

the concentrations of 4-NP and 2,6-DNP from synthetic solutions, and to find if there

are some improvements by using this combined procedure instead of simple pro-

cedures (electrochemical reduction (R) or adsorption on active carbon (A)).36,37

8.3.2 Electrochemical Detection of Pesticides

A pesticide is any substance used to kill, repel, or control certain forms of plant or

animal life that are considered to be pests. Due to their toxicity, pesticides,

especially organophosphate pesticides (OPs), can lead to cholinergic dysfunction,

which affects the health of both humans and animals. Because of their extensive use

in agriculture, human beings are exposed daily to low levels of pesticide residues

through their food, and because of the pesticides used in a variety of settings

including homes, schools, hospitals, and workplaces an uncertainty still remains

regarding possible health effects related to this long-term and low-level exposure.

Over 98 % of sprayed insecticides and 95 % of herbicides reach a destination other

than their target species. As a result, the development of new analytical methods for

the determination of these compounds in a wide variety of samples is currently a

high-interest research area.

Monitoring the amount of pesticides in water and soil is an effective way to

detect the abuse of pesticides in agriculture. Because pesticides can inhibit the

activity of many enzymes, such as acetylcholinesterase (AChE), butyrylcholi-

nesterase (BChE), organophosphate hydrolase (OPH), and tyrosinase (Tyr), various

inhibition biosensor systems emerged in recent years as promising alternatives for

in situ detection of pesticides.26 Modern methods for the detection of pesticides

usually involve liquid or gas chromatography coupled to mass spectrometric

detection (HPLC–MS, GC–MS), requiring an appropriate sample preparation

(as seen in Table 8.1). However, optical and electrochemical detection methods

were also developed for this purpose.

Neurotoxic organophosphorus (OP) compounds are commonly used as pesti-

cides. Due to their high toxicity, rapid and sensitive field detection of these

compounds has developed fast. Biosensors made with organophosphate hydrolase

are generally designed to detect amperometrically the electroactive group produced

after the enzymatic cleavage, or to detect potentiometrically the pH change that

occurs during the cleavage. Sahin et al. developed a new amperometric dual-

enzyme electrochemical assay that enabled the detection of a broad class of OP

compounds using the enzyme OPH combined with horseradish peroxidase (HRP).

The assay was applied to the detection of dichlofenthion, which does not yield an
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electroactive product and is not a commonly investigated OPH substrate. After

optimization of the pH of the solution, the analytical characteristics of the dual

enzyme were found to be limit of detection (LOD) 24 μM (7.6 ppm) and sensitivity

0.095� 0.024 nA/μM for dichlorofenthion.38

8.3.3 Electrochemical Detection of Polycyclic Aromatic
Hydrocarbons (PAHs)

Polycyclic aromatic hydrocarbons (PAHs) are a class of over several hundred

individual compounds defined to be composed of two or more fused aromatic

rings. PAHs are classified as probable human carcinogen and show carcinogenic

activity and endocrine disrupting activity in mammals. The incomplete combustion

of organic materials and the atmospheric photochemical reactions of PAHs lead to

the formation of many kinds of substituted PAHs, such as nitrated PAHs (NPAHs),

hydroxylated PAHs (OH-PAHs), and amino-PAHs (APAHs). Diesel and petrol

engines, industrial processes, coal combustion, and cigarette smoke are sources of

PAHs and their derivatives, but they have also been found in carbon black and

photocopier toners, fly ash, and exhaust emissions from waste incineration plants.

Automobiles are also a source of atmospheric PAHs and NPAHs. PAHs and their

derivatives need to be monitored in time, which is necessary to assess the quality of

air and to spot the source of pollutants.39

In addition to the frequency with which PAHs occur in the environment, proof of

their mutagenicity and carcinogenicity led to some of them being selected as

priority pollutants (e.g., 16 PAHs) by the US Environmental Protection Agency

(EPA). The World Health Organization (WHO) added 17 more making a total of

33 PAHs under its regulation.39

Sensitive, rapid, simple, and accurate analytical methods have been developed to

determine PAHs and their derivatives in the atmospheric particles. Extensively

used are GC and coupled methods like GC-FTD, GC-MS, and HPLC-FL as highly

efficient separation tools have been used for analyzing all kinds of samples.40 The

direct determination of traces of PAHs and their derivatives by modem chromato-

graphic techniques is still difficult. There are some limitations associated with the

insufficient sensitivity of these techniques and also problems related to matrix

interference. For instance in the case of samples of atmospheric particulates,

extraction methods of PAHs and their derivatives include traditional Soxhlet

extraction, ultrasonic extraction, supercritical fluid extraction, microwave-assisted

extraction, and accelerated solvent extraction.40

The compounds containing five or more aromatic rings are known as “heavy”

PAHs, whereas those containing less than five rings are named “light” PAHs. It is

now known that heavy PAHs are more stable and toxic than the other group.41

Another example of possible PAH contamination in food is due to traffic, i.e.,

crops or livestock close to urban roads could be exposed to PAHs and nitro-PAHs
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(derivates from PAHs). Other food products, such as seafood and fish, can be exposed

to PAHs present in water and sediments and the PAH content depends on the ability

of the aquatic organisms tometabolize them (e.g., bivalve mollusks accumulate more

PAHs than vertebrate fish, which metabolize these compounds very rapidly).39

The electrochemical oxidation behavior and the oxidation mechanism for

1-hydroxypyrene (1-OHP) were investigated at a disposable SPE.42

PAHs are always found as a mixture of individual compounds with similar

molecular structure, similar electron density, and a lack of side groups. Therefore,

an immunosensor based on SPEs was developed for PAH detection using a

co-exposure competition assay. The immunosensor displayed cross-reactivities of

varying degrees towards 16 important PAH compounds.43

8.3.4 Electrochemical Detection of Heavy Metals

Heavy metals have been persistently monitored all over the world because of their

toxicity, even at low concentrations. Therefore, simple and inexpensive sensing

devices are needed for in situ monitoring. Common toxic metal ions, such as Pb(II),

Cd(II), Hg(II), and As(III), are especially important because they are neurotoxic

(e.g., Pb(II) and Hg(II)), easily absorbed by the human body, and accumulate in the

environment and in living organisms. Elements as lead, cadmium, and mercury are

not biodegradable, and hence can accumulate in the environment, which results in

contaminated food and water. Therefore, the World Health Organization (WHO)

and the Environmental Protection Agency (EPA) have strictly defined the concen-

tration limits of these metal ions that are allowed in drinking water.3

Historically, electrochemical stripping analysis, commonly using anodic strip-

ping voltammetry (ASV), has been widely recognized as a powerful technique for

heavy-metal detection because of the simplicity of the instrument as well as its

moderate cost and portability. Moreover, the ASV technique combined with SPEs

can handle all scenarios that require rapid, inexpensive, sensitive, and accurate

determination in the field of environmental monitoring. Most studies of heavy-

metal determination using SPEs show that mercury, gold, silver, bismuth, or other

materials that modify the surface of SPEs can improve selectivity or sensitivity.11

Being easily automatable, electrochemical flow detection has been used in many

fields of research, like environmental and agricultural monitoring, and food and

health control. Flow systems are particularly advantageous in stripping

voltammetric analysis since they enhance the mass transport, improving the

preconcentration step. There is an interest for graphite felt electrodes for applica-

tion in flow electroanalysis, this material having a high surface area (616 cm2 cm�3)

and a good conductivity and presenting good hydrodynamic properties.44,45 Using

the unmodified or modified graphite felt as a working electrode, copper(II) and zinc

(II), two cations essentials for the homeostasis of the human body, but both toxic if

found in excess, were detected in food supplements46,47 and tap water.46 A special

flow electrochemical cell was designed for this purpose (Fig. 8.2).
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8.3.5 Pharmaceuticals

Categorized as emerging organic pollutants, pharmaceuticals and personal-care

products have been the focus of global environmental researchers’ attention since

the late 1990s. Pharmaceuticals have caused concerns due to their extensive human

and veterinary consumption, excretion or washing off their hosts after their

intended usages, and their entry into the environment through effluents of waste-

water treatment plants, as well as surface-water runoffs and soil leaching after

agricultural applications of manure or treated sludge. As pharmaceuticals were

designed to correct, enhance, or protect a specific physiological or endocrine

condition, their target effects in humans and/or farm stocks are well understood

and documented. However, there is limited knowledge about their unintended

effects in the environment. Sample preparation followed by GC or HPLC separa-

tion, and qualitative and quantitative analysis using detectors, has become the

standard approach for detection of pharmaceuticals in environmental matrices.48

Due to the fact that for the moment there are no regulations regarding the loading

of pharmaceuticals in water, air, or soil and the accumulation of pharmaceuticals in

living organisms that induce toxic effects, there are only some recommendations

made by scientists.49–51

The literature data present some examples of sensors for the detection of several

antibiotics and antihypertensive and anti-inflammatory drugs currently used in

urban areas. The detection of antibiotic residues in environmental samples through

the use of various disposable electrochemical sensors has proved the capacity of

these sensors for fast, low-cost, and sensitive detection. Tetracyclines, as an impor-

tant class of antibiotics, were investigated on gold SPEs using cyclic voltammetry

Fig. 8.2 SolidWorks image of the electrochemical flow cell46
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and flow injection analysis.52 Another sensor employing a screen-printed eight-

electrode-based immunoarray for the detection of sulfonamide antibiotics was

developed using magnetic beads as a solid phase, which allowed the rapid extrac-

tion of sulfonamides in complex matrices.53 The combination of the antibody-based

assays, magnetic bead separation, and screen-printed array transduction is an

attractive aspect of this research that has the potential to be used in the development

of a high sample throughput screening system.

Steroid hormone drugs and their (semi)synthetic analogues manufactured from

steroids of plant origin or by total synthesis are among the most important groups of

drug materials. Steroid hormones like estradiol, estrone, estriol, progesterone,

testosterone, and hydrocortisone are present in the human and animal organism.

Electroanalytical methods have never played an important role in determination of

steroid hormones even though they are used in important quantities as such or in

combination with other active compounds for topic use (antibiotics mainly). These

methods are still considered as nonselective and non-stable indicating methods.54

Few studies used mercury as dropping55 or hanging56 electrodes. The voltammetric

determination of finasteride in tablets and the assay of danazol in capsules by

square-wave adsorptive stripping voltammetry were already reported. A modern

approach is the development of drug-selective electrodes, e.g., a modified carbon

paste-based electrode for the selective potentiometric determination of estradiol

valerate in formulations.57

Seventeen different therapeutic classes of pharmaceuticals were detected in raw

urban wastewater and effluents from an activated sludge system after a usual

treatment adopted for urban wastewaters worldwide prior to final discharge into

surface water bodies.58

This analysis showed that the highest amounts discharged into the effluent were

represented by one antihypertensive, several beta-blockers, and analgesics/anti-

inflammatory agents, while the highest risk was posed by antibiotics and several

psychiatric and analgesics/anti-inflammatory drugs.

8.4 Other Sensor Methods and Non-sensor

Laboratory Methods

A short comparison with other sensor methods (optical sensors, surface plasmon

resonance) and non-sensor laboratory methods (high-performance gas and liquid

chromatography, capillary electrophoresis, AAS, mass spectrometry, etc.) is made

below.
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8.4.1 Optical Sensors

An optical sensor is a device that converts light rays into electronic signals. Optical

sensors have many applications in environmental control, national defense, and

commercial markets such as medical diagnostics and process control. Because of

the various fields of applications for optical sensors the challenges to the design and

to optimization of an optical sensor for a particular use require knowledge of

optical, material, and environmental properties that affect sensor performance.

The wavelength range of the optical signal, the interaction between electromagnetic

radiation and target, the effect of the medium on the propagation of the light,

methods to enhance the optical signal, and materials used to generate, focus, and

collect optical radiation are all important aspects of optical sensors.

Environmental analysis represents a challenge for optical sensors. Usually the

matrices to be analyzed are complex, so the sensors need to be specific for one

substance or a class of substances. In order to increase the selectivity, an optical

immunosensor system consisting of a disposable low-cost sensor chip including a

fluidic system and a base unit for the optical readout was developed by Meusel

et al.59 Near-infrared (NIR)-fluorescence markers (Cy5) were excited by an eva-

nescent wave generated on the surface of the sensor chip. The combination of both

fluorescence measurements and evanescent wave excitation provides extremely

sensitive detection. The assay was applied to determine the herbicide

2,4-dichlorophenoxyacetic acid (2,4-D) in the relevant concentration range. Within

an assay time of 15 min only, the analyte 2,4-D could be determined in a linear

concentration range covering three orders of magnitude.59

Another example is an optical sensor for Zn(II) detection developed by incor-

porating 4-(2-pyridylazo)resorcinol (PAR) in a sol–gel thin film. The sensor was

coupled to a multicommutated flow system and applied to the direct determination

of Zn(II) in injectable insulins. Optical transduction was based on the use of a dual-

color LED and a photodiode. The sensor showed optimum response at pH 5.5 with

maximum absorbance at 500 nm. A linear response was obtained for Zn(II) in the

concentration range of 5.0–25.0 μg l�1, with a limit of detection of 2.0 μg l�1 and a

sampling frequency of 16 samples h�1.60

The surface-enhanced Raman spectroscopic (SERS) effect, even though discov-

ered in the late 1970s, has received an increased interest only in the last few years.

Extensive research efforts have been devoted to the investigation and determination

of the sources of enhancement. The experimental observations related to SERS, and

the origins of the enormous Raman enhancement, are believed to be the result of

several mechanisms. It has been shown that electromagnetic interactions between

the molecule and the substrate provide the dominant enhancement in the SERS

process. These electromagnetic interactions are divided into two major classes:

(a) interactions that occur only in the presence of a radiation field and

(b) interactions that occur even without a radiation field.61

This technique has been applied for the detection of heavy metals,62 PAH,63

viruses,64 and PCBs.65
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8.4.2 Surface Plasmon Resonance (SRP) Sensors

Optical immunosensors (including fiber-optic and evanescent wave biosensors)

are based on the measurement of the absorption or emission of light by the

immunoreactants. The interactions between light and immunoreactants can

be measured as changes in absorbance, luminescence, polarization, or refractive

index. SPR is one of the most attractive optical-signal transducers, which allows

real-time monitoring of biochemical interactions without the need for labeling the

reagents. The most notable attraction in SPR-based sensors is the highly specific

detection of small molecules with extraordinarily low detection limits for a wide

variety of analytes in complex matrices.

SPR is a surface-sensitive optical technique for monitoring biomolecular inter-

actions occurring in the very close vicinity of a transducer (gold) surface, and that

has given it a great potential for studying surface-confined affinity interactions

without rinsing out unreacted agents or reactants in excess in sample solutions. Ever

since its introduction in the early 1990s, SPR plays a central role in the research of

biomaterial characterization, kinetics of antibody–analyte interactions leading to

ligand-fishing, drug discovery, and the detection of a variety of chemical and

biological substances.66

Several examples of SPR sensors applied in the detection of environmental

samples are presented below. A simple and versatile miniaturized surface plasmon

resonance (SPR) immunosensor enabling parallel analysis of multiple analytes or

multiple samples of an analyte was investigated for the detection of a low-

molecular-weight (lmw) toxin, 2,4-dichlorophenoxyacetic acid (2,4-D). A specially

designed multi-microchannel SPR sensor module, integrating an optical-prism

coated with an array of thin Au films, a multi-microchannel plate (eight channels),

and a flow cell, was fabricated. The sensing surface was generated simply by

physical adsorption of a protein conjugate of 2,4-D, and an indirect competitive

immunoassay principle was applied for the quantification of 2,4-D. Multiple 2,4-D

samples were analyzed in a single step and a low detection limit of 0.1 ppb 2,4-D

was established. The competence of the portable SPR immunosensor for selective

detection of 2,4-D despite the presence of various structurally resembling

interferents was demonstrated in river water. The independent all-in-one sensor

module highly favored shelf-storage between multiple determinations, and reus-

ability of the same multi-microchannel flow module for more than 35 days with

intermittent storage (4–8 �C) was confirmed. The LOD of 2,4-D could be enhanced

further by introducing a simple avidin–biotin interaction-based sandwich immuno-

assay, with which the sensor signal was multiplied by a factor of ca. 10 with a

detection limit of 0.008 ppb. The miniature SPR sensor used for simultaneous

analysis of multiple samples with good reusability and storage ability was an

important impact on the advancement of biosensor technology.67

A portable SPR optical biosensor device was described as a direct

immunosensing system for the determination of organic pollutants in natural

water samples by Mauriz et al.68 The investigated compounds were organochlorine

184 C. Cristea et al.



(DDT), organophosphorus (chlorpyrifos), and carbamate (carbaryl) pesticides. The

lowest limit of detection (LOD) was obtained for DDT with 20 ng l�1, while

50 ng l�1 and 0.9 μg l�1 were achieved for chlorpyrifos and carbaryl, respectively.

Matrix effects were evaluated for the carbaryl immunoassay in different water types

with detection limits within the range of carbaryl standards in distilled water (0.9–

1.4 μg l�1). This portable SPR-sensor system is already a product on the market,

commercialized by the company SENSIA, SL (Spain). The size and the electronic

configuration of the device allow its portability and utilization at contaminated

locations.68

Another SPR-based immunosensor for DDT, its metabolites, and analogues in

real water samples was developed by Mauriz et al.69 Low limits of detection

(LODs), in the sub-nanogram per liter range, were attained for DDT-selective

(15 ng l�1) and DDT group-selective immunoassays (31 ng l�1). The SPR analysis

of DDT proved to be three times more sensitive than colorimetric ELISAs without

the need of labeling combined with a much shorter time of response. This SPR

biosensor portable platform (β-SPR) is also commercialized by the SENSIA

company.

Another portable SPR immunosensor designed for on-site determination of low-

molecular-weight compounds by immunosensing was developed with the dimen-

sions of 16 cm� 9 cm� 6 cm with four sensing microchannels. Highly sensitive

and selective analysis of benzo[a]pyrene and 2-hydroxybiphenyl was realized by

using an indirect competitive immunoreaction based on SPR detection. The sensi-

tivity of the compact, portable SPR sensor to ppb levels of the two compounds was

equivalent to that obtained with a conventional SPR apparatus.70

8.4.3 Chromatographic and Other Spectral Methods

Besides sensors, other analytical methods involved in environmental analyses are

chromatography and spectral methods. Using the two most common techniques for

analyzing drugs in environmental samples, gas and liquid chromatography coupled

with mass spectrometry or tandem mass spectrometry (GC–MS, GC–MS/MS and

LC–MS, LC–MS/MS), the presence of several drugs was investigated in environ-

mental samples (β-blockers and β-agonists, drugs commonly found in the environ-

ment) by Caban et al.71 All the results confirmed that GC–MS analyses are much

less sensitive to the complexity of sample matrices than LC–MS, so GC–MS

measurements appear to be a very good alternative to LC–MS methods for deter-

mining pharmaceutical residues in environmental samples.

A group of nine specific pharmaceuticals from aqueous environmental samples

(flubendazole, propiconazole, pipamperone, cinnarizine, ketoconazole, micona-

zole, rabeprazole, itraconazole and domperidone) was also analyzed with LC–

ESI/MS/MS by Van De Steene et al.72

A synoptic table with other analytical techniques used in environmental analysis

is presented in Table 8.1.
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8.5 Future Aspects

There are several electrochemical sensors, biosensors, and immunosensors

employed in environmental analysis even though they are limited in solving all

the environmental needs. Recent trends in this field involve the use of arrays in

monitoring a wide range of inorganic and organic pollutants, of other biological

recognition materials, innovations in the microelectronic industry, and of micro-

and disposable sensors.

Online and flow-injection systems have also been adapted for the monitoring of

several pollutants. Recent developments in nanomaterials area also improved the

characteristic of the sensors.

As seen in Fig. 8.3, the research in the field of electrochemistry is focused on the

development of new electrode materials in order to improve the performances of

the electrodes, on the miniaturization of the electrodes in order to make them more

portable and more suitable for incorporation in online and microfluidics systems,

and on the development of new types of biosensors, more specific, more stable,

better fitted for real samples.

Another way to increase sensor specificity is offered by antibodies used as

biological recognition element, but they have also some limitations due to the

complexity of the assay that must be developed for each analyte. The development

of sensor arrays to create multianalyte detection systems could be interesting not

only in environmental but also in diagnostic and therapy monitoring.

The immobilization of receptors is a crucial step in the development of biosensors

including methods like entrapment in conductive polymeric films, clays, sol–gel, or

hydrogel matrices increasing their mechanical stability and resistance to a wide range

of chemicals and thermal shocks. The electrochemical transducers can be planar or

three dimensional involving electrodes that could be printed on inert support (to form

a disposable electrochemical cell) or expanded in a special design flow cell (e.g.,

modified graphite felt). Microsized electrodes can also be grouped in microarrays.
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A wide range of cell-based biosensors (with bacteria, yeast, algae, and tissue

culture cells) were reported also in the literature for potential environmental

applications. Genetically modified microorganisms capable to detect the presence

of toxic metals like lead, mercury or zinc, chlorinated compounds, organic perox-

ides, nitrate, or ammonia were used in the development of biosensors.

Other interests in the field of new sensors for environmental analysis are the

development of electronic nose and tongue.

Electronic noses (e-noses) and electronic tongues are devices already used in

pharmaceutical formulations, in different areas of food industry (oil, tee, wine,

dairy discrimination taste or smells), as well as in medicine. Applications in the

field of environmental analysis start to emerge.

Electronic tongue systems for remote environmental monitoring applications

have been presented in several applications. A new approach in the chemical sensor

field consists in the use of an array of nonspecific sensors coupled with a multivar-

iate calibration tool which may form a node of a sensor network. The proposed

arrays were made up of potentiometric sensors based on polymeric membranes, and

the subsequent cross-response processing was based on a multilayer artificial neural

network model as proposed by Mimendia et al.73 who described environmental

monitoring of ammonium as a pollutant plus alkaline ions at different measuring

sites in the states of Mexico and Hidalgo (Mexico), and monitoring of heavy metals

(Cu2+, Pb2+, Zn2+, and Cd2+) in open-air waste streams and rivers.

Another example presents the first study and development of an electronic

tongue analytical system for the monitoring of stable species of nitrogen com-

pounds: nitrate, nitrite, and ammonium in water. The electronic tongue was com-

posed of an array of 15 potentiometric poly(vinyl chloride) membrane sensors

sensitive to cations and anions plus an artificial neural network (ANN) response

model. The building of the ANN model was performed in a medium containing

sodium, potassium, and chloride as interfering ions, thus simulating real environ-

mental conditions.74 Different types of electronic tongues were described and

evaluated for monitoring purposes by Krants-Rulcker et al.75 More specifically,

the performance of multielectrode arrays used for voltammetric analysis of aqueous

samples was described by showing how an “electronic tongue” could be used to

monitor the quality of water in a production plant for drinking water. It was pointed

out that the concepts of “electronic noses” and “electronic tongues” often predict a

quality of a sample rather than giving exact information about concentrations of

individual species.

Polypyrrole (PPy)-based electronic noses (ENs) for the determination of some

toxic and nontoxic substances, such as ammonia, nitrogen oxides, carbon monox-

ide, sulfur dioxide, hydrogen sulfide, methane, oxygen, hydrogen, alcohols, phenol,

benzene, and water vapors were successfully applied to samples ranging from water

and beverages to wastewaters and sewage effluents.76

In this light, future advances in the field of electroanalysis with impact on

environmental analysis and on pollution control should focus on the development

of specific and stable recognition elements, portable devices, microarrays, minia-

turization of commercially available sensors, use of nanotechnologies in the
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fabrication of the sensors, smart sensors connected to users through friendly

interfaces, etc. The current technologies offer the premises for a rapid development

of this field.
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63. Péron O, Rinnert E, Lehaitre M, Crassous P, Compère C (2009) Detection of polycyclic

aromatic hydrocarbon (PAH) compounds in artificial sea-water using surface enhanced

Raman scattering (SERS). Talanta 79:199–204

64. Ravindranath SP, Wang Y, Irudayaraj J (2011) SERS driven cross-platform based multiplex

pathogen detection. Sens Actuators B:Chem 152:183–190

65. Yuan J, Lai Y, Duan J, Zhao Q, Zhan J (2012) Synthesis of a β-cyclodextrin-modified Ag film

by the galvanic displacement on copper foil for SERS detection of PCBs. J Coll Interface Sci

365:122–126

66. Shankaran DR, Gobi KV, Miura N (2007) Recent advancements in surface plasmon resonance

immunosensors detection of small molecules of biomedical, food and environmental interest.

Sens Actuators B:Chem 121:158–177

67. Kim SJ, Gobi V, Iwasaka H, Tanaka H, Miura N (2007) Novel miniature SPR immunosensor

equipped with all-in-one multi-microchannel sensor chip for detecting low-molecular-weight

analytes. Biosens Bioelectronics 23:701–707

68. Mauriz E, Calle A, Montoya A, Lechuga LM (2006) Determination of environmental organic

pollutants with a portable optical immunosensor. Talanta 69:359–364
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Chapter 9

Potentiometric Sensors

Eric Bakker

9.1 Introduction

In environmental analysis, potentiometry is important for the detection of redox

potential and as an analytical tool for the measurement of a variety of ionic and

ionizable species. In both cases, the open circuit potential of a two-electrode cell is

observed where an inert metal electrode or an ion-selective electrode (also called

indicator electrode) is measured against a suitable reference electrode.

In both cases, the response is dependent on the activity, a, which is related to

molar concentration, c, by the activity coefficient, f, as follows:

aj ¼ f jcj ð9:1Þ

Note that single ion activity coefficients cannot be rigorously assessed experimen-

tally. Potentiometric measurements in cells without liquid junctions where a cation-

selective indicator electrodes is measured against an anion-selective electrode gives

information on the mean activity coefficient:

logf� ¼ z�j j
zþ
��þ ��z��� �� log fþ þ zþj j

zþ
��þ ��z��� �� log f� ð9:2Þ

For ionic species, the mean activity coefficient is a function of the ionic strength of

the solution, which is determined from all molar cation and anion concentrations as

follows:
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I ¼ 1

2

X
j

zj
2cj ð9:3Þ

where zj is the charge of each ion that is summed. A 0.10 M CaCl2 solution, for

example, has an ionic strength of 0.5� (22� 0.10 M+ (�1)2� 0.20 M)¼ 0.30 M.

The activity coefficient is a measure of the interionic interactions of ions in an

electrolyte and can be reasonably well predicted for dilute solutions with the

Debye–Hückel theory and its modifications. Activity coefficients tend to decrease

with increasing ionic strength in solutions of practical relevance in environmental

analysis (typically up to 1 M).

Mean activity coefficients may be described on the basis of the extended Debye–

Hückel theory by a semiempirical relationship such as1:

log f� ¼ �A
��zþz��� ffiffiIp

1þ B
ffiffi
I

p þ CI ð9:4Þ

where A is a constant (A¼ 0.5108) that is a function of temperature in Kelvin

(A/ T� 3/2). This relationship uses just two fittable parameters, B(/T� 1/2) and

C (with an unspecified dependence on temperature). Depending on the electrolyte

in question, this equation is reasonably adequate for ionic strengths up to 1 M by

using published values for B and C.1

Splitting the mean activity coefficient into the relevant single ion activity

coefficients requires the use of an appropriate convention. Complex conventions

such as that based on the hydration theory of Stokes, Robinson, and Bates are more

precise for fundamental studies. However, routine analytical applications may be

better served by the simplified Debye–Hückel convention, which is formulated

quite naturally as2:

log fþ ¼ �� zþ
z�

��log f� ð9:5Þ

log f� ¼ �� z�
zþ

��log f� ð9:6Þ

Consequently, for a given ionic strength and nature of electrolyte single ion activity

coefficients for most situations of practical relevance may be estimated with

reasonable precision (Fig. 9.1).

In potentiometric analysis, the indicator electrode is intrinsically responsive to

single ion activities. It is the potential at the reference electrode that introduces a

non-thermodynamic assumption (liquid junction potential) to the measurements.

This term can be kept small and corrected by calculation if needed. In pH mea-

surements, one uses the practical determination of pH, which uses the output of a

calibrated combination pH electrode (normally with the bridge electrolyte at the

reference electrode containing 3MKCl) as the accepted pH value of the solution. In

essence, any uncertainty in potential arising at the reference electrode is ascribed to
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the pH readout. While this not strictly thermodynamically correct, the typical error

in solutions of moderate pH amounts to ca. 2 mV (0.03 pH units) and allows one to

properly trace measurements with standard procedures. On the other hand, mea-

surements of other ions are traditionally reported in terms of ion activity or molar

ion concentration. For these purposes, one either calculates and corrects for liquid

junction potentials arising at the reference electrode, calibrates in solutions of

similar background electrolyte, or employs a dilution step with a total ionic strength

adjustment buffer (TISAB) before measurement. The latter two steps can also be

used to minimize uncertainties in activity coefficients.

In the following, we will more closely examine the detection of redox potential

before focusing this book chapter on the principles of potentiometric ion sensors.

9.1.1 Measurement of Redox Potential

The detection of redox potential of a solution is important in environmental analysis

to judge the redox state of the system so that one can predict the possible direction

of oxidation–reduction reactions. Electron acceptors such as oxygen, nitrate and

sulfate are consumed by the biological oxygen demand of organic carbon. Chemical

reduction can occur indirectly by the chemical reduction of oxidized pollutants via

formation of hydrogen. Direct chemical oxidation of organics are possible via Fe

(O) oxidation/reduction reactions.3

The detection of potentiometric redox potential involves the use of an inert

electrode such as platinum that is measured against a suitable reference electrode.

Since the measurement is carried out under zero current conditions, the rate of

oxidation and reduction at the electrode must be identical. The current amplitude of

Fig. 9.1 Shows calculated

single ion activity

coefficients (γ) for the
common cations sodium,

potassium, magnesium, and

calcium as their chloride

salts as a function of

solution ionic strength
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the cathodic and anodic component of this process is also called the exchange

current and is written as i0:

i0 ¼
��icathodic�� ¼ ��ianodic�� ð9:7Þ

Potentiometric measurement of the redox potential is therefore only meaningful if

the solution contains a redox couple that gives rise to a reversible exchange current

density at the inert electrode surface. Unfortunately, this is not always the case in

environmental systems where electron transfer reactions are often sluggish or

irreversible. A key challenge in this regard is the heterogeneous nature of the

electron transfer reaction in potentiometry, which does not adequately reflect the

homogeneous reaction conditions often found in natural waters. For electron

transfer to occur at an inert metal electrode such as platinum, an activation barrier

must be overcome that depends on the reaction of interest. Recent work has aimed

at reducing such barriers by the use of modified electrode materials, for example a

mixture of different nanoparticle coatings on the electrode surface.4 Other

researchers have made use of molecular mediators that more closely mimic the

reactivity in natural waters.5 Clearly, the determination of redox potential by

potentiometry is not always straightforward and the observed values do not neces-

sarily reflect the desired reactivity of the system.

For systems containing a reversible redox couple, one can relate the observed

potential to activities by the Nernst equation for redox reactions. The half-reaction

is always written as a reduction, as in:

Fe3þ þ e ! Fe2þ ð9:8Þ

So that we can arrive at the Nernst equation as follows:

E ¼ E0
Fe3þ=Fe2þ � RT

F
ln
aFe2þ

aFe3þ
ð9:9Þ

An environmentally relevant half reaction for the reduction of iron(III) is:

Fe OHð Þ3 þ 3Hþ þ e ! Fe2þ þ 3H2O ð9:10Þ

In which case the Nernst equation is written as

E ¼ E00
Fe OHð Þ3=Fe2þ � RT

nF
ln

cFe2þ

cFe OHð Þ3 cHþð Þ3 ð9:11Þ

where n is the number of electrons transferred in Eq. (9.10), which is here n¼ 1. For

this example, we have written the potential as a function of concentrations instead

of activities, in which case the formal potential E0’ value must be used. Note that the

potential E corresponds to the one at the inert indicator electrode, which is not
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identical to the observed cell potential since there are other potential contributions

to the measurement, in particular at the reference electrode. Since for historical

reasons, all half reactions are referenced to the hydrogen ion/hydrogen gas couple

(standard conditions, 1 M of aH
+ and 1 bar of PH2), the potential at the reference

electrode must be corrected to that of the standard hydrogen electrode with

established values (see below). An inconvenience of this historical approach is

that the hydrogen ion/hydrogen gas couple is not necessarily the optimum reference

to judge the direction of a reaction in natural waters. Consequently, a positive

reduction potential does not mean that the environment is oxidizing (it wants

be reduced itself), but that the reaction as written would be spontaneous if the

oxidation would involve the conversion of hydrogen gas to hydrogen ions at a pH of

0 and at atmospheric pressure.

As well known, there exists an equivalence between electrode potentials and the

Gibb’s free energy of reaction:

ΔG ¼ �nFE ð9:12Þ

In which case a negative free energy, as with positive potentials, means that the

reaction is spontaneous as written. As above, one again needs to be aware that any

half reaction written as in Eq. (9.10) is referenced to the hydrogen standard half

reaction, which is not directly translatable to an environmental system. To do this,

one needs to identify the potential of the relevant half reaction (as for the solute we

intend to study the reactivity of) and correct the values accordingly.

9.1.2 The Nernst Equation for Ion-Selective Electrodes

Ion-selective electrodes (ISEs) are measured under zero current conditions in a

two-electrode setup, see Fig. 9.2. The indicator electrode (ion-selective electrode) is

treated as the cathode, while the reference electrode acts as the anode.

The potential difference measured between the indicator and reference electrode

at zero current is also called the electromotive force and is the sum of all potential

differences in the cell as schematically shown in Fig. 9.3. One aims to keep all

potentials independent of the sample composition with the exception of the poten-

tial at the interface between sample and membrane.

Under ideal conditions, the potential change at the ISE membrane is proportional

to the change in the logarithmic ion activity, see Fig. 9.4. This ideal relationship is

known as the Nernst Equation for ion-selective electrodes, which is written for the

electrochemical cell as

EI ¼ KI þ EJ þ RT

zIF
lnaI ð9:13Þ
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where R is the universal gas constant, T the absolute temperature, F the Faraday

constant, zI the charge of the primary ion IzI, KI is an experimentally determined

constant potential value, and EJ is the liquid junction potential at the reference

electrode (between sample and bridge electrolyte). At room temperature (298 K),

Eq. (9.13) can be rewritten in simplified form to:

SAMPLE

ION-SELECTIVE
ELECTRODE

INNER 
REFERENCE
ELEMENT OUTER

REFERENCE
ELEMENT

BRIDGE
ELECTROLYTE

INNER SOLUTION

ION-SELECTIVE
MEMBRANE

LIQUID
JUNCTION

REFERENCE
ELECTRODE

Fig. 9.2 Two-electrode

electrochemical cell used

for potentiometry with

ion-selective electrodes

Fig. 9.3 The observed cell

potential is the sum of all

potential changes in the cell.

All but the one at the

sample–membrane phase

boundary are ideally

independent of sample

composition
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EI ¼ KI þ EJ þ s

zI
logaI ð9:14Þ

where s is the Nernstian slope of 59.18 mV, which is divided by the charge of the

primary ion as shown. For this slope to be observed, the membrane must be ideally

permselective to the primary ion and the potential at the reference electrode must be

indifferent to sample composition changes. This is only approximately achieved

because the liquid junction potential at the reference electrode, EJ, introduces an

extra-thermodynamic assumption to the measurement.2 Unlike the discussion on

redox potential above, we are here not concerned with absolute potentials and we

simply aim for KI in Eq. (9.14) to be indifferent of the sample composition.

In practice, ISEs may obey this equation when the ion-selective membrane

interacts reversibly with the specific ion of interest. Moreover, this partitioning

process should have no substantial effect on the chemical composition of the

ion-selective membrane6: aI in the membrane must remain constant to observe a

Nernstian response. A silver chloride-based membrane, for example, exhibits a

Nernstian slope to chloride ion activity only if the membrane surface is unaltered by

other, less soluble halides. Other membrane materials behave in analogous manner.

The sensitivity of potentiometry as analytical technique is mainly dependent on

the charge z of the analyte. For monovalent or divalent cations, for example, a

tenfold concentration change will give +59.2 mV or +29.6 mV change in the

observed potential. Anionic analytes have negative z values and will give negative

potential changes. Figure 9.4 shows a typical calibration curve for a monovalent

ion-selective electrode.

ISEs assess free, and not total ion concentrations/activities. This experimental

distinction between free and complexed forms of the analyte makes them very

useful, e.g., for bioavailability and speciation studies.

Fig. 9.4 The observed

potential at zero current

ideally depends on the

logarithmic sample ion

activity in a linear fashion,

described by the Nernst

equation (9.13) for

ion-selective electrodes (red
trace). Blue trace: behavior
of a real electrode, giving

deviations near the

detection limit

9 Potentiometric Sensors 199



In routine blood analysis of electrolytes, where ion-selective electrodes are used

nearly universally, very small concentration changes are sometimes determined

with direct potentiometry. This requires potential stabilities and reproducibilities on

the order of 10–100 μV, which is achieved in temperature controlled flow-through

cells and with frequent, automated recalibrations between measurements.7 In batch

mode benchtop analyses with ISEs and in environmental monitoring applications,8

such a high precision is often not achieved. Precision and accuracy is mainly

limited by variations in the liquid junction potential between the calibration and

sample phases and by interferences from other sample ions, temperature fluctua-

tions, and, if concentrations rather than activities are desired, variations in activity

coefficients.

Such possible experimental biases can be minimized in benchtop analysis by

adding an ionic strength adjusting solution to the sample prior to measurement. Of

course, ion-selective electrodes are also routinely integrated into automatic titration

instruments where they make up very convenient endpoint indicators. In these

cases, the accuracy and precision of the cell potential readings influences the

accuracy of the analytical measurement to a much smaller extent than in direct

potentiometry.

9.1.3 Modes of Measurement

Information on the sample composition is obtained by a number of different

measurement protocols.9

9.1.3.1 Direct Potentiometry

In direct potentiometry, the observed potential EI is related to the primary ion

activity in the sample with the Nernst equation:

aI ¼ 10 EI�KIð ÞzI=s ð9:15Þ

The electrode slope s and the constant potential term KI are determined by

calibration.

This protocol is the most rapid and yields information on the ion activity, which

is relevant to ecotoxicology and reactivity. Excellent precision is achieved by one

point calibration after each measurement point and by careful temperature control,

and is routinely used in controlled environments such as clinical analysis.
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9.1.3.2 Standard Addition After Ionic Strength Adjustment

In standard addition potentiometry, the sample is diluted with a total ionic

strength adjusting buffer (abbreviated as TISAB). This brings about a known elec-

trolyte background to the sample, and hence keeping activity coefficients in the

sample constant. It also reduces changes in the liquid junction potential at the

reference electrode. Known increments of ion standard are added to the sample and

the potential changes are used to determine the original ion concentration.

This method is advisable if ion concentrations, rather than activities, are to be

determined and if the sample matrix is of unknown or variable composition.

9.1.3.3 Endpoint Detection

An ion-selective electrode can be used as an endpoint detector in a volumetric

titration and may give precise results on the concentration of titrated analyte. With

good selectivity and measuring range, the ISE response may reflect the entire

change in logarithmic ion activity in the course of the titration. If so, it can also

be used to obtain thermodynamic characteristics of the analyte, such as binding

constants with the titrant. This approach is routinely used in the determination of

sample acidity and alkalinity as well as water hardness.

9.1.4 Selectivity and Detection Limit

If a sample contains other ions of the same charge sign of the primary ion (analyte

ion), they may displace the primary ion from the ion-selective membrane. If this

occurs, a deviation from the Nernst equation is observed. For interfering ions of the

same charge as the primary ion, an expanded Nernst equation may be used to

describe this behavior:

E ¼ KI þ s

zI
log aI þ

X
j6¼I

K pot
I, j aj

 !
ð9:16Þ

where Kpot
I;j is the selectivity coefficient. This equation is known as the Nicolsky

equation, after Boris P. Nicolsky (1900–1990) who developed this equation for

glass electrodes. The selectivity coefficient shown in Eq. (9.16), Kpot
I;j , is effectively

a weighting factor for any interfering ion activity, aj. Figure 9.5 illustrates the

expected calibration curve of a primary ion for membranes of variable selectivity.

Smaller selectivity coefficients and more dilute interfering ions give lower levels of

interference and hence lower detection limits.

9 Potentiometric Sensors 201



If the primary and interfering ions have different charges, expanded equations

must be used to describe the potential change.

The previously accepted the so-called Nicolsky–Eisenman equation, written as

E ¼ KI þ s

zI
log aI þ

X
j6¼I

K pot
I, j aj

zI=zj

 !
ð9:17Þ

has been shown to give inconsistent results with errors of up to 8 mV (0.14

logarithmic concentration units) and should not be used to describe the mixed ion

response if high accuracy is desired.2,6 Instead, for any combination of monovalent

and divalent ions in the sample, the following modified equation has instead been

established:

E ¼ KI þ s

zI
log

1

2

X
j zJ¼1ð Þ

Kpot
Ij

� �1=zI
aj þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

X
j zJ¼1ð Þ

Kpot
Ij

� �1=zI
aj

0
@

1
A
2

þ
X

j zJ¼2ð Þ
Kpot

Ij

� �2=zI
aj

vuuut
2
64

3
75

ð9:18Þ

The summations are grouped according to the charge of each ion and include the

primary ion (for which case KI,I
pot¼ 1).

As Fig. 9.6 illustrates for the case of a monovalent primary and divalent

interfering ion, Eq. (9.17) predicts a stronger level of interference in mixed solu-

tions than the self-consistent equation (9.18).

Equation (9.18) may be used to predict the experimental error originating from

competing interfering ions. For the example shown in Fig. 9.6 one obtains the

anticipated error as shown in Fig. 9.7. The graph shows that reliable measurements

must be performed well above the detection limit.

Fig. 9.5 The level of

interference increases with

increasing value of the

selectivity coefficient, see

Eq. (9.16)
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In potentiometry, the lower detection limit is defined as the intersection of the

two extrapolated linear portions of the calibration curve, as illustrated in Fig. 9.8.

The lower detection limit may be understood as the point in the calibration curve

where a substantial deviation from the Nernst slope is observed. If the calibration

curve is accurately described with Eq. (9.16) or (9.18), and one type of interfering

ion JzJ dominates, the detection limit is given by:

aI LDLð Þ ¼ Kpot
I, j aj

zI=zj ð9:19Þ

The power term of the interfering ion activity may be quite important and only give

intuitive predicted detection limits for primary and interfering ions of the same

Fig. 9.6 Potentiometric

responses in mixed

solutions (here for a

monovalent cation as

primary ion and a divalent

ion as interfering

background) may be

described with Eq. (9.18).

The previously used

semiempirical Nicolsky–

Eisenman Eq. (9.17) is only

an approximation

Fig. 9.7 Anticipated

relative error of the data

shown in Fig. 9.6,

calculated from Eq. (9.18).

Bottom line: 1 % error. Top
line: 10 % error mark
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charge. For example, if primary and interfering ions have the same charge, and the

interfering ion level is at 1.0 mM, a selectivity coefficient of logKpot
I;J ¼� 3 is

required to reach a micromolar detection limit. On the other hand, a 1.0 mM

calcium ion background as interfering ion would require a selectivity coefficient

of logKpot
I;Ca ¼� 4.5 in order to reach this micromolar detection for a monovalent

primary ion. If sodium is the interference at the same millimolar level, one needs

just logKpot
Ca;Na ¼ 0 for the same detection limit.

As the detection limit anticipated on the basis of simple thermodynamic dis-

placement (ion-exchange) becomes on the order of micromolar or lower,

counterdiffusion ion fluxes may become important (see below for more detail).

For a well conditioned membrane electrode with an optimized inner solution

composition or a suitable solid contact material the following relationship may be

used to estimate the kinetic detection limit if all ions are monovalent.10

cI LDLð Þ ¼ qcmR
X
j6¼I

K pot
I, j aj

 !1=2
ð9:20Þ

where cmR is the molar ion-exchanger concentration in the membrane and the

permeability ratio q (typically on the order of 10�3) is given by:

q ¼ Dmδaq
Daqδm

ð9:21Þ

where D and δ are the diffusion coefficient and diffusion layer thicknesses in the

indicated phases.

Fig. 9.8 In potentiometry,

the detection limit is given

as the intersection of the

extrapolated linear sections

of the calibration curve, in

units of analyte activity.

This definition differs from

most other analytical

methods that base the

detection limit on a multiple

of the background noise
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9.1.5 Response Time of Potentiometric Sensors

If a planar ion-selective electrode responds in an ideal fashion to analyte concen-

tration changes in the sample, the composition of the membrane phase remains

unchanged. The response time for such membranes depends solely on the time

required for the boundary concentrations in the diffusion layer to equilibrate with

the sample bulk. An exact solution from diffusion equations is available; the

following approximate equation is normally more convenient for practical use11:

E tð Þ ¼ E 1ð Þ þ RT

zjF
ln 1� 1� aaq

j 0, t ¼ 0ð Þ
aaq�j

 !
4

π
e�t=τ

0
( )

ð9:22Þ

where the time constant τ0 is given by:

τ
0 ¼ δaqð Þ2

2Daq
j

ð9:23Þ

According to Eq. (9.22), the response time depends strongly on the diffusion layer

thickness and is longer when going from a concentrated to a more dilute sample

solution. This is illustrated in Fig. 9.9.

The response behavior can also be visualized by numerical simulation. For this

purpose, the concentration at the membrane surface is treated as a reflection and the

concentration at a fixed distance (diffusion layer thickness) is kept constant and

equal to the concentration in the sample bulk. Figure 9.10 shows the simulated

response times upon a tenfold concentration change in the sample bulk. As the

gradients flatten with increasing amounts of time, the rate of equilibration of the

surface concentration with the sample bulk slows with time. Since the potential is a

Fig. 9.9 Response time of

an ideally responding

ion-selective electrode

(membrane concentration

does not change) upon a

tenfold concentration

increase in the sample

(monovalent ion, total

potential change of

59.2 mV). Calculated

according to Eq. (9.22) with

Daq
j ¼ 10� 5cm2s� 1 and the

indicated aqueous diffusion

layer thicknesses
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function of the logarithmic surface concentration, these small absolute concentra-

tion changes translate into relatively large potential changes. The response time is

therefore comparatively long. For the change to higher concentrations, the loga-

rithmic response function of the membrane electrode is less sensitive to small

deviations at higher concentration, and the response time becomes faster than for

the previous case, see Fig. 9.10.

9.2 Reference Electrodes and Liquid Junction Potentials

9.2.1 Reference Electrodes

For more than a century, the reference electrode in most electrochemical measure-

ments has been composed of an electrode of the second kind in contact with a

solution of defined electrolyte composition that is brought in contact with the

sample solution of interest through a liquid junction. In cases where the reference

electrolyte is chemically incompatible with the sample or may result in contami-

nation, an intermediate salt bridge is placed between the reference electrolyte and

the sample solution.

Established electrodes of the second kind include the silver/silver chloride ele-

ment and themercury/calomel element. Both require a defined chloride concentration

in the contacting aqueous solution in order to give a stable potential at the reference

electrode. The half reactions and associated reduction potentials are given as

AgCl sð Þ þ e ! Ag sð Þ þ Cl� aqð Þ ð9:24Þ

Fig. 9.10 Simulated

logarithmic concentration

changes at the electrode

surface. The values on the

y-axis are proportional to

the open circuit potential

(multiply by the Nernstian

slope)
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with E0
AgCl=Ag ¼ 0.222V and, in 3 M KCl, EAgCl/Ag¼ 0.210V

and

1

2
Hg2Cl2 sð Þ þ e ! Hg lð Þ þ Cl� aqð Þ ð9:25Þ

with E0
0

Hg2Cl2=Hg
¼ 0:280V and in saturated KCl at room temperature, the reduction

potential is ESCE¼ 0.241V.
An overwhelming number of ion-selective electrodes today use a Ag/AgCl

element rather than a calomel element. This is mainly driven by the mandate to

reduce the usage of mercury, but Ag/AgCl elements are also more suited for

applications at higher temperatures.

The solubility of AgCl in 3 M KCl is not negligible (around 1 mM due to the

formation of higher silver chloride complexes) and temperature dependent. Simple

AgCl coated wire reference elements are therefore not suited for conditions where

the electrode is exposed to high and varying temperatures. For that purpose, a

cartridge design containing excess AgCl particles is preferred to achieve tempera-

ture stability.

With membrane electrodes, the backside of the membrane is typically an

aqueous electrolyte in contact with the same type of reference element. The

standard reduction potentials for the two elements are therefore the same and

inconsequential to the overall measured potential. The cell potential is mainly

dictated by the chloride activity in the two reference compartment, the membrane

potential and the liquid junction potential.

In pH measurements, the liquid junction potential forms part of the practical

definition of pH if a 3 M KCl bridge electrolyte is used. Simply defining the output

of a calibrated pH measurement as the practical pH makes the measurements

traceable, although substantial systematic deviations of up to 15 mV from the

Nernst function can be observed in strongly acidic or basic solutions (see below).

With other ion-selective electrodes, the liquid junction potential can be esti-

mated and corrected with the equations given below, the calibration can be

performed in a similar electrolyte background, or the electrolyte background can

be adjusted by adding a buffer electrolyte (TISAB). In some cases, a liquid junction

is not necessary, such as with potentiometric gas sensing probes and in some

dynamic electrochemistry approaches.

9.2.2 The Diffusion Potential

When an electrolyte assumes a concentration gradient, the anion may exhibit a

different mobility (diffusion coefficient) than the cation. At zero current, however,

the net transport rate of the two types of ions must be equal. This is accomplished by

the buildup of a so-called diffusion potential. This potential accelerates through
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electrical migration the slower ion and decelerates the faster one in order for both to

attain the same rate of mass transport. If diffusion potentials are relevant, they form

part of the overall cell potential. Diffusion potentials are especially important to

understand with liquid junctions at reference electrodes. A bridge electrolyte is

placed in contact with the sample solution by means of a porous liquid junction

made of a chemically inert material without ion-exchanger properties (typically a

ceramic frit, a capillary or a gel). In this contact zone, electrolyte concentration

gradients will take place, hence resulting in a liquid junction potential that assures

the deceleration of the faster diffusion ion and the acceleration of the slower one in

order to arrive at an equal transport rate of both ions. We consider here first the

dilution junction, in which an electrolyte encounters a concentration gradient. The

same type of treatment is then expanded to two electrolyte solutions of any

composition in contact with each other, resulting in the Henderson equation.

9.2.2.1 The Dilution Junction

The simplest case of a liquid junction consists of a single electrolyte at a different

concentration in the sample solution and bridge electrolyte, see Fig. 9.11.

The potential change across this liquid junction can be directly obtained from the

Nernst–Planck equation. The following equation describes the dilution junction
potential as:

EJ ¼ RT

F

DM � DAð Þ
DA þ DMð Þ ln

cβ

cα
ð9:26Þ

where α marks the sample solution and β the bridge electrolyte, and D is the

diffusion coefficient for the cation M and anion A as indicated. This equation may

equally be given as a function ion mobilities u (for values see Table 9.1)2:

EJ ¼ RT

F

uM � uAð Þ
uA þ uMð Þ ln

cβ

cα
ð9:27Þ

Fig. 9.11 Schematic

presentation of a dilution

junction. The same

electrolyte is considered

throughout the junction, but

it is more concentrated in

one compartment than in the

other

208 E. Bakker



This equation holds for any gradient across the junction and the concentration

profiles do not have to be linear as shown in Fig. 9.11.

Table 9.1 shows typical values of ion mobilities2 and Table 9.2 predicted liquid

junction potentials for a tenfold concentration change across the dilution junction

using this equation. Clearly, cations and anions of similar mobility predict the

smallest junction potentials, with KCl, KNO3 and LiOAc particularly attractive

for practical use.

Table 9.1 Single ion

mobilities at infinite dilution

in aqueous solutions at 25 �C 2

Ion mobility u/10� 4cm2s� 1V� 1

H+ 37.6

K+ 8.00

Na+ 5.47

Li+ 4.24

NH4
+ 8.00

Ag+ 6.82

Mg2+ 2.90

Ca2+ 3.22

Ba2+ 3.49

OH� 20.6

Cl� 8.11

I� 8.16

NO3
� 7.58

OAc� 4.38

SO4
2� 4.24

Table 9.2 Liquid junction

potentials for selected

electrolytes at tenfold

concentration change across

the junction, at 25 �C

Ion EJ (mV) for cβ/cα¼ 10

HCl �38.2

KCl 0.4

NaCl 11.5

LiCl 18.6

NH4Cl 0.4

KOH 26.1

KI 0.6

KNO3 �1.6

NaOH 34.3

NaOAc �6.6

LiNO3 16.7

LiOAc 1.0

AgNO3 3.1

From Eq. (9.27) with mobility data from Table 9.1
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9.2.2.2 The Henderson Equation

If one considers a sample solution and bridge electrolyte of any desired composi-

tion, one must make assumptions about the concentration gradient within the liquid

junction in order to arrive at simplified expressions. While it is possible to numer-

ically simulate these profiles on the basis of the Nernst–Planck equation,12 for

practical purposes it is perfectly acceptable to use the Henderson equation as

approximation. It assumes linear concentration gradients across the junction and

is written as:

EJ ¼
X

j
zjuj cβj � cαj

� �
X

j
ujzj2 cβj � cαj

� � RT

F
ln

X
j
ujzj

2cβjX
j
ujzj2c

α
j

8<
:

9=
; ð9:28Þ

where the summations involve all ions in the two contacting electrolytes, with

negative values for zj if anions are involved. As above, with liquid junctions at

reference electrodes, phase α denotes the sample solution and phase β the bridge

electrolyte.

Figures 9.12 and 9.13 show liquid junction potentials calculated according to

Eq. (9.5) with the ion mobilities given in Table 9.1. A 3 M KCl bridge electrolyte

exhibits small liquid junction potentials, although strongly acidic samples give larger

values. A bridge electrolyte of 1MLiOAc gives somewhat inferior results butmay be

preferable if either potassium or chloride give rise to chemical interference.

Table 9.3 gives specific values for the liquid junction potential for the indicated

electrolytes in the bridge and sample solution. Even for the equitransferent (similar

mobility of anion and cation) bridge electrolytes KCl, KNO3, NH4NO3 and LiOAc,

the liquid junction potential accounts for a few millivolts, depending on the specific

sample composition.

Fig. 9.12 Calculated liquid

junction potentials

according to the Henderson

equation for a 3 M KCl

bridge electrolyte and

various sample

concentrations. The

counterion in the sample is

chloride
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9.2.2.3 The Liquid Junction

For the liquid junction potential to be well defined and stable with time, one must

avoid contamination of the sample or bridge electrolyte by mixing from the other

side of the junction. Junction materials are therefore chemically inert porous

materials that block convective mixing between the two compartments. They

need to be chemically inert not to introduce surface charges that may act as

ion-exchangers and hence result in undesired Donnan exclusion potentials.

Contamination of the bridge electrolyte is further avoided by slight pressuriza-

tion of that compartment. In laboratory use this is simply accomplished

Fig. 9.13 Calculated liquid

junction potentials

according to the Henderson

equation for a 1 M LiOAc

bridge electrolyte and

various sample

concentrations. The

counterion in the sample is

acetate. The curve for

protons is not realistic

owing to the basicity of the

acetate ion

Table 9.3 Liquid junction

potentials for selected

electrolytes in the sample

and bridge electrolyte,

at 25 �C

Bridge Sample EJ (mV)

3 M KCl 1 M CaCl2 �0.28

3 M KCl 1 mM CaCl2 �1.35

3 M KCl 1 M HCl �16.3

3 M KCl 1 mM NaCl �1.42

3 M KCl H2O (pH 7) �2.80

3 M KCl 0.1 M NaCl �0.13

3 M KCl 0.1 M Li2SO4 �0.44

0.1 M KCl 0.1 M NaCl 4.39

1 M LiOAc 0.1 M NaCl �1.82

1 M KNO3 0.1 M NaCl 3.74

1 M LiOAc 1 M HCl �40.7

1 M KNO3 1 M HCl �27.6

1 M NaCl H2O (pH 7) �2.80

From Eq. (9.28) with mobility data from Table 9.1
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hydrostatically by providing for a bridge electrolyte filling sufficiently above the

air–water interface and placed at atmospheric pressure. In more demanding condi-

tions, the bridge electrolyte can be pressurized in some designs or simply replaced

with a polymeric (hydrogel) electrolyte in direct contact with the sample

(no junction material).

The solubility of AgCl in 3 M or saturated KCl is much higher than expected

based on the solubility product of AgCl (Ksp¼ 1.8� 10� 10) . This is due to the

formation of complexes of the type [AgCln]
1� n, with n from 1 to 4. For zero ionic

strength, for example, log βn values can be 3.2 (n¼ 1), 5.1 (n¼ 2), 5.0 (n¼ 3).

While for 4 M KCl, a value of 5.7 (n¼ 4) has been reported.13 Figure 9.14 shows

the solubility of silver ions as a function of chloride concentration using just the

latter number. The solubility rises to over 1 mM at 4 M KCl.

Consider now a 3MKCl bridge electrolyte in contact with a sample solution that

is much more dilute in chloride. Figure 9.14 makes it clear that AgCl must

precipitate in the junction material as less chloride is available to form the higher

chloride complexes. This has important implications for the storage and handling of

reference electrodes and combination electrodes using liquid junctions, as

prolonged contact with dilute solutions will result in eventual blockage of the

junction material.

9.2.3 Liquid Junction-Free Reference Electrodes

If one aims to design a reference electrode that does not require a liquid junction,

the potential of the reference element in direct contact with the sample must be

indifferent of sample composition.

Fig. 9.14 Solubility of

silver(I) in aqueous solution

as a function of the chloride

concentration. The

solubility reaches

millimolar levels at

concentrations typical for

bridge electrolytes owing to

the formation of chloride

complexes of high

stoichiometry
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Recently, Kakiuchi put forward a promising concept using ionic liquid mem-

branes14. The principle is easily understood. The ionic liquid phase is allowed to

locally equilibrate with the sample solution. If the ionic liquid electrolyte is denoted

as Rþ
1 R

�
2 , one may write for the partitioning equilibrium between the ionic liquid

phase (IL) and water:

Rþ
1 ILð Þ þ R�

2 ILð Þ Ð Rþ
1 aqð Þ þ R�

2 aqð Þ ð9:29Þ

The key assumption is that the electrolyte has a sufficiently high affinity for the

ionic liquid phase that other sample ions may not undergo ion-exchange reactions.

Since the electrolyte under study makes up the ionic liquid phase, one may

accept that the activity of cation and anion in the ionic liquid is constant. We also

consider that neither cation or anion are intrinsically present in the sample solution

so that we may assume aaq
Rþ
1


 aaq
R�
2
. In the absence of ion-exchange, the potential at

the sample–ionic liquid phase boundary is constant because it depends essentially

on the ion activity of the ionic liquid that originates from self-dissolution of the

material. The potential at this reference electrode is then only dependent on the

nature of the ionic liquid and independent of the sample composition. The elegant

and principally convincing concept put forward by Kakiuchi may not be appropri-

ate for cases where chemical contamination of the sample solution by the ionic

liquid cannot be accepted.

Ionic liquids with higher water solubility will contaminate the sample more

quickly and will also result in an earlier operational loss of the reference electrode

because of completely dissolving the electrode. Since the ionic liquid membrane

consists of the electrolyte and solubility is on the order of millimolar, one expects a

dramatically longer lifetime in comparison with traditional reference electrodes on

the basis of KCl electrolytes of similar dimensions.

9.3 Ion-Selective Electrodes

9.3.1 Key Examples of Ion-Selective Electrodes

Table 9.4 summarizes ion-selective electrodes of practical importance. They are

classified according to analyte, with the membrane type and brief information on

the major ingredient indicated in the second and third column. The last column

shows information on ion selectivity by giving logarithmic selectivity coefficients

over the indicated potentially interfering ions. For references, see Table 9.4 and

reference (15)
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Table 9.4 Selected potentiometric sensors (see also reference (15))

Analyte

Membrane

electrode Composition

Logarithmic selectivity

coefficient logKpot
I;j over j Reference

H+ Glass 72.2 % SiO2, 6.4 % CaO,

21.4 % Na2O

Na+: �11; K+: �11

H+ Ionophore Tri-n-dodecylamine Na+ �10.4; K+: �9.8;

Ca2+: < �11.1

16

H+ Ionophore Chromoionophore I Na+: �10.9; K+: �10.5;

Ca2+: < �11.2

17

Li+ Ionophore 14-crown-4 with decalino

subunit

Na+: �3.1; K+: �3.6;

NH4
+: �3.8 Ca2+: <

�5.0

18

Na+ Glass 11 % Na2O, 18 % Al2O3,

71 % SiO2

K+: �2; Ag+: +2.6;

NH4
+: �4.2; H+: 1–2.5

Na+ Ionophore t-Butyl-calix[4]arene
tetramethylester

K+: �2.5; Li+: �2.9; H+:

2.0

19

Na+ Ionophore Calix[4]arene crown-4 Li+: �2.8 K+: �5.0

NH4
+: �4.4 Mg2+:�4.5;

Ca2+: �4.4

20

K+ Ionophore Valinomycin Na+: �4.5; Mg2+: �7.5

Ca2+: �6.9

21

K+ Ionophore BME-44 Na+: �3.3 22

NH4
+ Ionophore Nonactin/Monactin Li+: �2.9; Na+: �2.3;

K+: �1.1; Mg2+:�4.0;

Ca2+: �4.0

23

Mg2+ Ionophore Double armed diaza-crown

ether

Li+: �3.7; Na+: �3.2;

K+: �1.4; NH4
+: �2.0;

Ca2+: �2.5

24

Ca2+ Ionophore ETH 129 Na+: �8.3; K+: �10.1;

Mg2+: �9.3

25

Ca2+ Ionophore ETH 1001 H+: �4.4; Na+: �6.1; K+:

�6.6; Mg2+: �4.4

26

Cu2+ Ionophore Cu2+-9 Zn2+: �3.0; Pb2+: �2.7;

Ni2+: �3.0; Cd2+: �2.7;

Ag+: �0.1; Hg2+: �2.0;

27

Cu2+ Ionophore N,N,N0N0-tetracyclohexyl-
3-thiaglutaric diamide

H+: �0.7; Na+: < �5.7;

Ag+: 3.5; Ca2+:�4.7; Zn2

+: �1.95; Cd2+: �3.5;

Pb2+:�1.8

28

Ag+ Solid-state Ag2S polycrystalline

membrane

Cu2+: �6; Pb2+ : �6 to

�9; H+: �5; Hg2+: �2

Ag+ Ionophore Methylenebis

(diisobutyldithiocarbamate)

Na+:�8.7; K+:�8.2; Ca2

+: �11.0; Cu2+: �10.5;

Pb2+: �10.3

29

Zn2+ Ionophore Li+, Na+:�2.7; K+:�2.5;

NH4
+: �3.1; Ca2+: �2.8;

Cd2+: �3.6; Pb2+: �2.1

30

(continued)
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Table 9.4 (continued)

Analyte

Membrane

electrode Composition

Logarithmic selectivity

coefficient logKpot
I;j over j Reference

Hg2+ Ionophore Hg2+:�3; Ag+: 0.0; Fe3+:

�3.4; Zn2+: �2.9; Pb2+:

�2.6, Cu2+: �2.7

31

Pb2+ Ionophore ETH 5435 Na+:�6.3; K+: �6.3; Ca2

+: �12.3; Cu2+: �3.7;

Cd2+:�5.4

32

F� Solid-state Single LaF3 crystal OH�: �1; Br�: �4; F�:
�4; HCO3

�: < �3

Cl� Ionophore In(III) Porphyrin I�: 0.9; SCN�: 1.4; Sal�:
2.2; NO2

�: 0.3; NO3
�:

�3.8

33

Cl� Ionophore Mercuracarborand[3] SCN�: 1.9; Sal�: �2.3;

Br�: 1.3; I�: 4.1; NO3
�:

�4.3

34

Cl� Ionophore 2,7-di-tert-butyl-9,9-

dimethyl-4,5-

xanthenediamine

Sal�: +1.8; SCN�: +1.6;
NO3

�: +0.7; HCO3
�:

�2.6

35

I� Solid-state 50 mol% Ag2S, 50 mol%

AgI

Cl�: �4; Br�: �7;

SCN�: �4; S2�: >10

I� Ionophore Mercuracarborand[3] Cl�: �4.1; NO3
�: �7.6 36

S2� Solid-state Ag2S polycrystalline

membrane

Br�: �25; I�: �18; Cl�:
�30

HSO3
� Ionophore Guanidinium derivative ClO4

�: �2.2; Cl�: <
�3.0; Sal�: �2.3

37

CO3
2� Ionophore Tweezer-type ionophore Cl�, Br�: �6.5; Sal�:

�1; ClO4
�: �1.8; NO3

�:
�4.2;

38

SCN� Ionophore Mn(III) porphyrin ClO4
�: �2.0; I�: �2.3;

NO3
�:�3.6 NO2

�:�3.0;

Cl�: �3.4; HCO3
�: �5.1

39

NO2
� Ionophore Cobalt(III) cobyrinate SCN�: 0.2; Cl�: �3.7;

I�: �2.2; ClO4
�: �2.2

40

NO2
� Ionophore Cobalt(III) phthalocyanine SCN�: �1.0; I�: �1.6;

NO3
�: �3.1; Cl�: �3.5;

Br�: �2.9

41

H2PO4
� Ionophore Uranyl salophene F�: �0.4; NO3

�: �1.6;

Cl�: �2.1

42

Salicylate Ionophore Sn(IV) phthalocyanine ClO4
�: �3.3; SCN�:

�2.9; Cl�: �4.8; OAc�:
�3.4

43
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9.3.2 Glass Electrodes

The most widely used ISE is clearly the pH glass membrane electrodes that has

been, since their humble beginnings over 100 years ago, developed into reliable

sensors. They exhibit a wide dynamic measurement range, high selectivity, and

good temperature resistance. The pH response of glass electrodes originates from a

hydrated surface layer that contains SiO� ion-exchanger sites that are selective the

hydrogen ions. pH glass electrodes often display extraordinary potentiometric

selectivities for H+ over other cations which is largely due to the favorable

equilibrium for the primary reaction occurring within the hydrated layer of the

glass:

SiO� þ Hþ Ð SiOH

There are still active debates about the response mechanism of the pH glass

electrode since some regard the mechanism as dependent on an adsorption process

rather than simple ion-exchange, but there is agreement that the recognition process

occurs in the surface layer of the glass, not in its interior.

A variety of optimized glass compositions exists that are suited for a range of

applications. The classical sodium oxide containing glass has been largely replaced

by lithium glass. High content of Li2O favors a low membrane resistance and low

alkali error (and a larger measuring range). Today, glass electrodes can be

manufactured that are small, have extremely large measuring ranges of pH 0–14,

and show low resistances even with the relatively thick membranes required to

achieve acceptable robustness. In the early years of pH glass electrode develop-

ments, researchers tended to blow their own glass electrodes akin to Christmas tree

bulbs. These electrodes were very fragile and had to be handled with care. Today,

glass membrane thicknesses may exceed 1 mm and are mechanically robust.

Glasses with very high (ca. wt-30 %) Li2O content, however, can crystallize rather

easily and can therefore not be handled by a glass blower. Moreover, they have

shorter lifetimes, corrode more easily, and are not suited for high temperature

applications. This last step is important for situations where pH electrodes must

be sterilized before use. A variety of more rugged, extremely stable high temper-

ature glasses are commercially available for this reason. They exhibit emf response

over a reduced pH range but function reliably at high temperature without the need

for intermittent calibration.

Since pH glass membrane electrodes are used in a variety of applications,

manufacturers of pH electrodes have devoted significant effort in designing com-
bination pH electrodes (containing pH and reference electrode in a single body) in

many shapes and sizes, for use in NMR test tubes, with flat surfaces for paper and

cheese pH measurements, pressure resistant electrodes for reactor applications, and

a wide variety of laboratory pH electrodes. Beyond the type, size and shape of the

pH sensitive glass, an essential component of the combination pH electrode is the

reference electrode. Depending on the application of the pH electrode, one can
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choose from refillable electrolytes in single and double junction designs, and low

viscosity maintenance-free solid polymers and gel electrolytes that can sustain high

external pressures. In addition, available junction materials range from simple

ceramic frits, flat, circular ceramic frits for surface pH applications, Teflon sleeve

junctions, free diffusion liquid junctions, and hole junctions for polymeric electro-

lytes. Some reference electrolytes can be pressurized in special chambers, while

others are factory pre-pressurized or sustain high pressures without additional

treatment. The excellent reliability, lifetime, and analytical performance of pH

glass electrodes–reference combinations set a very high standard that few if any

other ISEs can match.

Some specialized glass formulations have been found to be sensitive to ions

other than H+ as well.15 Glass membranes with a high content of Na+, for example,

are known to be more Na+ responsive. Since they are still selective for H+, they can

be only be used to assess Na+ activities in samples that are far from acidic.

A different class of glass electrodes, chalcogenide and jalpaite glasses, has been

found to respond to a variety of heavy metal ions, including lead, cadmium, and

copper, with some of them exhibiting extremely low detection limits for environ-

mental analysis.44

The main limitations of glass membrane electrodes in certain applications are

their tendency to be fouled by strongly adsorbing proteins, and by the limited

number of ions that can be sensed potentiometrically with glass membranes.

Indeed, glass membranes cannot be utilized to sense anions, and thus do not provide

a generic approach for ion sensing. While adsorption problems can be reduced with

repetitive washing cycles, difficulties in manufacturing miniaturized versions of

glass electrodes to be used in conjunction with other types of ISEs in sensor arrays

has motivated significant research on different pH selective materials. Most notable

are pH electrodes based on polymeric membranes doped with amine functional

ionophores and solid state iridium oxide membrane materials.45

With pH electrodes, one expects the cell potential to be near zero at pH 7. The

two reference elements in the cell exhibit an asymmetry with respect to the chloride

concentration in the contacting electrolyte solutions: the outer reference element is

typically in contact with 3 M KCl, while the inner electrolyte contains on the order

of tens of millimolar of chloride salt. Not considering the junction potential, one

may write for the ideal cell potential:

Ecell ¼ slog
aHþ sampleð Þ

aHþ inner solutionð Þ
� 	

þ slog
aCl� outer referenceð Þ
aCl� inner solutionð Þ

� 	
ð9:30Þ

Consequently, the solution pH at the backside of the pH electrode must be some-

what acidic to achieve the desired cell potential at a sample pH of 7.

9 Potentiometric Sensors 217



9.3.2.1 Liquid Junction Potentials in pH Measurements

Commercial pH electrodes are typically purchased as the so-called combination

electrode where the reference electrode is integrated into the pH electrode body.

A liquid junction potential develops in the contact zone between the sample

solution and the reference electrolyte. If one considers a typical reference electro-

lyte of 3 M KCl in contact with a sample containing 10 mM KCl with varying

concentrations of HCl or KOH, one obtains the liquid junction potentials from the

Henderson equation as presented in Fig. 9.15.

The liquid junction potential adds to the membrane potential, so the potential

readings are too high at high pH and too low at low pH. If the pH electrode is

calibrated between pH 4 and 10 and one does not correct for the liquid

junction potential, one expects an acid error of up to 0.25 pH units and an alkaline

error up to 0.15 pH units. These considerations are with a perfectly selective pH

electrode.

In addition to these challenges, pH membrane electrodes may exhibit deviations

from Nernstian behavior in alkaline and acid media. This depends on the glass

composition and is established by the manufacturer. Alkaline error arises from

ion-exchange with other (alkaline) cations, while acid error originates from acid

extraction into the glass gel layer. These processes are analogous to ionophore-

based membranes, which are treated in some detail below.

Fig. 9.15 Liquid junction potentials for a 10 mM KCl solution with added appropriate concen-

trations of HCl or KOH to arrive at the indicated pH values. This potential arises at the reference

electrode and results, on the basis of the practical definition of pH, in a deviation from the

Nernstian pH response behavior and is often erroneously associated with measurement error

(alkaline and acid error)
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9.3.3 Solid State Membrane Electrodes

ISEs based on solid-state membrane materials use sparingly soluble inorganic salts

as the membrane matrix.46 They must exhibit ion conducting properties to properly

function in potentiometry. Interesting examples of this family of electrodes include

the silver precipitate-based membranes. Pressed pellets of silver sulfide (Ag2S) are

known to respond to silver ions. This membrane is also sensitive to sulfide ions

because any change in the sample sulfide activity affects the available silver activity

at the surface of the electrode membrane according to the following dissolution

equilibrium:

Ag2S sð Þ Ð 2Agþ aqð Þ þ S2� aqð Þ

This electrode shows a very high selectivity to both silver and sulfide (both ions

cannot be simultaneously present in solution in large quantities because of the small

solubility product of Ag2S). The only substantial interferent is the mercury(II) ion

owing to the extremely low Ksp for HgS. The pressed pellet requires periodic

polishing to remove surface adsorbates and other precipitates, but shows otherwise

very long lifetimes. This principle has been extended to other silver salts, especially

silver halides. Silver sulfide pellets doped with CuS will respond to Cu2+ because of

the larger dissolution equilibrium of CuS relative to Ag2S. A silver sulfide pellet

doped with AgBr will be bromide selective, and so on. The selectivity observed

with such silver halide precipitates follows exactly the solubility product of the

respective silver salt. Consequently, the following sequence is always observed for

any given silver precipitate membrane:

S2� > I� > Br� > Cl� ð9:31Þ

A silver chloride precipitate membrane in prolonged contact with an I� containing

solution will, therefore, eventually become an iodide sensitive electrode since all

surface bound chloride will exchange with iodide. This process can take some time

in dilute solutions, however, during which the electrode remains essentially respon-

sive to chloride. Unfortunately, silver precipitate membranes are not always suit-

able for practical measurements because thiol containing molecules (for example

with proteins containing cysteines) may foul the surface of the ion-selective

membrane and the AgCl may dissolve because silver ions are complexed by protein

amine or other functional groups.

Chloride measurements in complex samples are therefore normally not

performed with AgCl-based membranes. Analytical properties similar to pressed

pellet membranes have also been observed with silver salts embedded in a silicone

membrane, with ionophore-based silver-selective liquid membranes, and with sil-

ver/silver halide wires. The latter class is usually less preferred for practical mea-

surements since any exposed metal may induce some redox species cross-sensitivity

9 Potentiometric Sensors 219



of the electrode, which does usually not occur with membrane-based indicator

electrodes.

With Ag2S based membranes thermodynamics predict extremely low detection

limits down to 10-17 M or so, see Fig. 9.16. This can be achieved in sulfide solutions

at elevated pH where the dissolved silver is extremely small. Note that this is in

essence a thermodynamic cycle and one can equally state that the electrode is

responsive to the abundant sulfide ion (the silver activity is calculated from the

sulfide concentration and the known solubility product). However, if no such ion

buffer is present and one aims to measure low total concentrations, one often finds

the behavior shown in Fig. 9.17, which has been attributed to the presence of

Fig. 9.16 Calculated

changes in the boundary

potential (emf) at zero

current for a Ag2S

membrane as a function of

changing silver (top trace)
and sulfide ion activity

changes in the sample

(bottom trace). The
potential at very low

activities is dictated by the

self-dissolution of Ag2S

(protonation of sulfide is

suppressed with a solution

of high pH). The exhibited

detection limit can only be

attained in practice by the

use of ion buffers in the

sample

Fig. 9.17 Calculated

changes in the boundary

potential (emf) at zero

current for a Ag2S

membrane as a function of

changing silver (top trace)
and sulfide ion activity

changes in the sample

(bottom trace). In contrast

to Fig. 9.16, a membrane

impurity results in the

release of a 100 nM

concentration of silver ions

at the membrane surface.

The exhibited response

functions are observed in

the absence of an ion buffer

in the sample
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halides or other impurities in the membrane that results in increased dissolution of

silver and hence of a poorer than expected detection limit.

Another solid-state membrane of extremely high selectivity and applicability is

the single crystal LaF3 membrane electrode.47 The crystal is doped with europium

to lower its electrical resistance and it acts as an effective pure F� conductor. When

used as an ion-selective electrode material, a large measuring range of about six

orders of magnitude is observed (10�6 to 1 M F�), with Nernstian response slopes.

The only significant interferent is hydroxide due to the low solubility of La(OH)3.

Such electrodes are typically used under strict pH control between 5 and 6 to avoid

hydroxide interference at higher pH and the formation of HF at lower pH, which

would decrease the activity of F�. Suitable ionic strength adjustment buffers for

fluoride measurements typically also contain complexing agents such as citrate to

remove cations such as aluminum and iron from the sample that have a tendency

to complex fluoride. The LaF3 electrode has an extremely long lifetime under

normal use. Its main disadvantage is its cost due to the necessity of using a polished

single crystal.

9.3.4 Ion-Exchanger Membranes

Liquid or solvent polymeric membranes must exhibit ion-exchanger properties to

properly function. It was mentioned above that the concentration of analyte in the

membrane phase must remain reasonably invariant in the course of an experi-

ment6,29. In the absence of lipophilic ion-exchanger, however, a concentration

increase of an electrolyte in the sample would lead to a proportional increase in

the organic phase. Therefore, such a process would not lead to a change in the phase

boundary potential since the activity ratio in the organic and aqueous is constant.48

Consequently, liquid membranes are routinely doped with a salt of a lipophilic

ion, for example, tridodecylmethylammonium chloride for anion-selective elec-

trodes and potassium tetrakis(4-chlorophenyl)borate for cation-selective electrodes.

Numerous other ion-exchangers have been reported in the literature, but their main

function tends to be the same.2 Before use, the liquid membrane is allowed to

condition in a solution that contains a high concentration of the cation or anion to be

measured. During this conditioning period, the hydrophilic counterion of the

ion-exchanger in the membrane is replaced with the analyte ion of interest. The

selectivity of such membranes is a direct function of the free energy of hydration of

the measured ions. For anion-selective membranes (containing the anion salt of a

quaternary ammonium ion, for example), the observed selectivity sequence always

follows the so-called Hofmeister sequence:

R� > ClO�
4 > I� > NO�

3 > Br� > Cl� > F� ð9:32Þ
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where R� denotes an organic anion. By analogy, the selectivity sequence for

ion-selective membranes incorporating a cation-exchanger is:

Rþ > Csþ > Rbþ > Kþ > Naþ > Liþ ð9:33Þ

For this reason, ion-exchanger based ISEs have historically been used for the

detection of perchlorate and nitrate, as well as a range of lipophilic organic ions

including many drugs and cationic/anionic surfactants. Anion exchanger-based

membrane electrodes are routinely used to assess nitrate in environmental and

laboratory samples. While there is some interference from bicarbonate, calibration

in samples with very similar background electrolytes can minimize such effects.

The above listed selectivity sequences are thermodynamic sequences that are not

always observed under practical measuring conditions. If a strongly interfering ion

is present but relatively dilute (typically at less than 10�4 M levels), its effect on the

cell potential is often much smaller than predicted on the basis of the Nicolsky

equation and its modifications.49 Such low concentrations result in a mass transport

limited ion exchange, even if thermodynamically favored. For short exposure

times, therefore, the electrode can often still reliably be used to assess the analyte.

After prolonged contact with a sample containing a strong interferent, the electrode

does eventually recondition by ion-exchange and fails to respond to the primary

analyte. These effects have historically been exploited for sensing applications in

samples for which no thermodynamic selectivity was available. It requires careful

reconditioning between measurements and is not recommended if an intrinsically

better selectivity can be achieved with another ISE. This effect may explain why

some manufacturers offer ion-exchanger based ISEs for a variety of ions, even

though the starting membrane compositions are essentially identical.

9.3.5 Ion-Selective Membranes Containing Ionophores

9.3.5.1 Neutral Ionophores

Lipophilic, electrically neutral ionophores are also called ion carriers because of

their capability of selectively transporting ions across artificial membranes. They

are chemical components that are key to achieving high selectivity with liquid or

polymer membrane based ISEs.

Neutral carrier-basedmembranes require the addition of a lipophilic ion-exchanger

for proper functioning. This ion-exchanger forms the counterion of the complexed

analyte ion in themembrane. Its concentration should not be too large in order to allow

for a substantial concentration of unbound ionophore in themembrane. For instance, a

cation-selective membrane may contain the ionophore and the lipophilic tetraphe-

nylborate derivative cation-exchanger potassium tetrakis(4-chlorophenyl)borate,

while anion-selective membranes may be doped with tridodecylmethylammonium

chloride as anion-exchanger in addition to the ionophore.
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While ionophore-free ion-exchanger based membranes always show the same

selectivity pattern that follows the hydration energies of the ions (see above),

ionophore-based membranes exhibit selectivities that can be very different. This

is because of the formation of strong complexes between the analyte ion and the

ionophore in the membrane. Values of logarithmic complex formation constants

can vary widely. They have been reported to be up to about 12 for monovalent and

about 25 for divalent ions.50 Sensor selectivity is dictated by the free energy of

transfer of the ions from the aqueous to the membrane phase, the complex forma-

tion constants between the extracted ions and the ionophore, and the concentrations

of ionophore and lipophilic ion-exchanger in the membrane.

Hydration energies are still important since ion extraction process is involved

and it is typically more difficult to design ISEs for hydrophilic ions than it is for

hydrophobic ones. On the other hand, it is often a difficult to design selective

receptors for large, bulky ions. Consequently, ionophore-based ISEs for potassium

and calcium were realized early on, while selective sensors for magnesium, lithium,

sodium, and small anions such as chloride, carbonate, and phosphate have been

developed more recently or are still topics of current research.51 Ionophore-based

ISEs for bulky anions such as perchlorate are not really known.

Table 9.4 summarizes typical membrane compositions of the corresponding

ISEs and observed selectivity coefficients. Observed selectivities can be extremely

high and explain the significant success that such sensors have enjoyed for practical

measurement applications.

Ionophores may be developed on the basis of a variety of recognition principles.

They include simple crown ethers, bis-crown ionophores, crowns with bulky side

groups to prohibit intermolecular sandwich formation, non-cyclic amide and

thioamide ionophores, basket shaped calix[4]arene and calix[6]arene ionophores,

calixarenes with crown bridges, thiocarbamates, lipophilic amine bases as H+-

ionophores, guanidinium derivatives, multitopic hydrogen bond forming iono-

phores for selective anion recognition, metalloporphyrins, cobyrinates, and phtha-

locyanines with different metal centers and a variety of axial ligands, and aromatic

trifluoroacetyl derivatives for the recognition of hydrophilic nucleophiles.51 Some

of these ionophores are electrically charged in their uncomplexed form.

To function in ion-selective membranes as desired, ionophores should be suffi-

ciently lipophilic so that they are retained within the hydrophobic membrane phase

to ensure a long lifetime of the sensor. This is most often achieved by adding long

alkyl chains, cyclohexyl or adamantyl substituents to the molecular backbone. They

should have a polar moiety or a set of polar functional groups responsible for the ion

recognition process.6,51 The remainder of the ionophore molecule should contain

hydrophobic regions that are compatible with the surrounding membrane matrix.

The historical argument that an ionophore molecule must also exhibit a certain

mobility within the membrane (recall the term “ion carrier”) has been largely

disproved by the comparable analytical performance of a number of membrane

materials where the ionophore is covalently anchored onto the polymeric backbone.

It seems beneficial, however, to at least either have mobile ionophores or mobile

ion-exchanger to guarantee an acceptably low membrane resistance.
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Membrane selectivities for a given ionophore may vary substantially. Mem-

branes of relatively high polarity are normally preferred for the development of

divalent-ion selective electrodes and many anion-selective electrodes, while non-

polar membranes are often more suited for monovalent cations. Many other param-

eters may also influence selectivity, including the tendency to form ion pairs, the

availability of functional groups on the plasticizer that can compete with the

ionophore, and variations of complex stoichiometries of the ionophore in different

solvent environments. Optimization of ISE selectivity is therefore still done

empirically.

If the complex stoichiometries are known, optimum molar concentration ratios

between ionophore and lipophilic ion-exchanger may be predicted from thermody-

namic analysis.52 Table 9.5 shows the optimum concentration ratios for a number of

assumed complex stoichiometries and charges of the two compared ions. Some

ionophores are capable of forming mixed complexes and the optima also depend on

the relative binding strength of the resulting complexes. The tabulated values

should be used as first guesses only and the selectivity should be evaluated for a

range of ion-exchanger concentrations.

9.3.5.2 Determination of Selectivity Coefficients

Experimental protocols for the determination of selectivity coefficients have been

laid out by IUPAC. One distinguishes two main methods, the separate solutions

method (SSM) and the fixed interference method (FIM).53

As the name implies, the separate solutions method involves the measurement of

the cell potential in a solution containing only the salt of the analyte (primary ion I),
followed by that in a solution containing only the salt of the interfering ion, J. One
then obtains the selectivity coefficient for any activity as follows:

logKpot
I,J ¼ zI

s
EJ � EIð Þ þ log

aaq
I

aaq
J


 �zI=zJ ð9:34Þ

Table 9.5 Optimum

composition of ionophore-

based membranes52

Charge of cation Complex stoichiometry Ratio

zI zJ nI nJ cmR /LT

2 2 1 2 1.41

2 2 2 3 0.77

2 2 3 4 0.54

2 1 1 1 1.62

2 1 2 2 0.73

2 1 3 3 0.46

1 1 1 2 0.71

Giving a predicted optimal selectivity for the analyte

ion I with respect to the interfering cation J
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With the fixed interference method, a calibration curve for the primary ion in a fixed

interfering ion background is determined. The lower detection limit is then deter-

mined and related to the selectivity coefficient as follows:

aI LDLð Þ ¼ Kpot
I,J aJ

zI=zJ ð9:35Þ

While these two methods have been applied for many decades in the field, they

exhibit the important drawback that no effort is made to guarantee or even deter-

mine a Nernstian response slope to the interfering ion. Such a Nernstian slope is

required for Eq. (9.34) or (9.35). If the membrane is very selective towards the

analyte ion, one may not be able to achieve this condition easily and experimental

selectivity coefficients may deviate orders of magnitude from the thermodynamic

values.29

To address this important problem, improved methods have been proposed to

eliminate the bias originating from an incomplete ion-exchange at the sample–

membrane interface. In one such method, the membrane is conditioned with a

discriminated ion, not the analyte ion.29 This results in complete ion-exchange at

elevated concentrations and allows one to obtained unbiased selectivity coeffi-

cients. The procedure is analogous to the Hulanicki effect discussed above,49 and

therefore requires high sample concentrations in order to avoid concentration

polarizations. Other methods include the use of chelators or precipitation reactions

in the sample to keep the concentration of the primary ion in the sample very low.

Membranes exhibiting a strong inward flux of primary ions have also successfully

been used to determine unbiased selectivity coefficients.54

9.3.6 Electrically Charged Ionophores

Most ionophores used in ion-selective electrodes today are electrically neutral in

their uncomplexed form, see above. In the membrane, the following complexation

equilibrium exists between ionophore L and a (monovalent) anion A�:

nL mð Þ þ A� mð Þ Ð AL�n mð Þ ð9:36Þ

For this reason, membranes containing neutral ionophores must also contain a

lipophilic ion-exchanger whose charge is opposite that of the analyte ion. It then

dictates via electroneutrality condition the concentration of the jLþn complex in the

membrane.

On the other hand, ionophores exist that are electrically charged in their

uncomplexed form (such as many metalloporphyrins and phthalocyanines). An

additional electrical charge on the coordinating functional group of the ionophore

may be attractive to strengthen the complex with additional coulombic forces and

are promising for designing ionophores for anion recognition.
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Functional ISEs may be fabricated with membranes that contain just the salt of a

charged ionophore, since the ionophore has both ionophoric and ion-exchanger

properties. However, it can be shown that the corresponding sensing selectivities

are then often less than ideal.55 Consider for example a membrane with a charged

ionophore selective for a monovalent anion. The concentration of uncomplexed

ionophore in the membrane is ordinarily small and dictated by the dissociation

constant of the complex:

AL mð Þ Ð Lþ mð Þ þ A� mð Þ ð9:37Þ

If the ISE membrane were to be conditioned in a solution of an interferent whose

complex with the ionophore is weaker, the concentration of uncomplexed iono-

phore in the membrane would be larger since the dissociation constant is now also

larger. If both ions are present, an intermediate situation would be observed: a

higher interfering ion level would lead to a higher concentration of uncomplexed

ionophore in the membrane. This dependence between sample composition and

uncomplexed ionophore concentration is not ideal since it favors the formation of

the complex with a more weakly binding analyte.

Instead, optimum selectivities may be achieved by incorporating an

ion-exchanger into the membrane that has the same charge as the analyte, and

which forms the counterion of the uncomplexed ionophore L+. That concentration

is then independent of the nature of extracted sample ion. One predicts that the ISE

selectivity is now dependent on the binding selectivity of the charged ionophore in

the same manner as for membranes containing neutral ionophores.55

Other ionophores, especially of the metalloporphyrin types, show peculiar

super-Nernstian response slopes. One may understand these by the occurrence of

hydroxide anion bridges binding two such metalloporphyrins together56:

2Lþ mð Þ þ OH� mð Þ Ð LOHLþ mð Þ ð9:38Þ

On the other hand, the ionophore still binds to A� as shown in Eq. (9.37) above.

The non-Nernstian response slope is explained by a competition between OH�

and A� as a function the sample composition. As the concentration of A� increases

in the course of a calibration curve, it results in a decreased concentration of dimer

and in an increase of L+ concentration. This stabilizes A� more (lower activity of

the free ion in the membrane) with increasing sample concentration and results in a

larger response slope than expected from the Nernst equation.

9.3.7 Selectivity Optimization

The selectivity coefficient should be as small as possible for optimal selectivity.

With ionophore-based membrane electrode, the membrane composition can have a

direct influence on the resulting selectivity and used for optimization purposes.
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Much of this optimization is empirical since the complex stoichiometries and

complex formation constants within the membrane phase are not a priori known.

Nonetheless, effective models have been developed that show how the selectivity

coefficient can be tuned for a given set of binding parameters.52,57

For monovalent ions giving a 1:1 stoichiometry in the membrane, one can show

that the concentration of uncomplexed ionophore at the membrane side of the phase

boundary, cmL ( j), in the presence of the indicated ion j, follows the following

relationship:

cmL jð Þ ¼
�1� βjLc

m
R þ βjLLT þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4βjLLT þ �1� βjLc

m
R þ βjLLT


 �2q
2βjL

ð9:39Þ

where cmR the ion-exchanger concentration and LT the ionophore concentration and

βjL is the complex formation constant. This equation can be formulated for the

primary ion, I, and the interfering ion, J, to predict the E0 value for each ion as:

E0
I ¼ Δm

aqϕ
0
I þ slog

1þ βnI c
m
L Ið Þ

cmR

� 
ð9:40Þ

and

E0
J ¼ Δm

aqϕ
0
J þ slog

1þ βnJ c
m
L Jð Þ

cmR

� 
ð9:41Þ

which are used to obtain the selectivity coefficient with the expression

logKpot
I,J ¼ zI E0

J � E0
I


 �
=s ð9:42Þ

The resulting graphs are shown for the indicated parameters in Fig. 9.18. For ions of

the same charge, optimum selectivity is observed at a concentration of

ion-exchanger below that of the ionophore. If complex formation constants are

weak, best selectivity is expected at an ion-exchanger concentration that is as low as

practical.

If complexes are stable (uncomplexed ions may be neglected), and the

ion-exchanger concentration is lower than that of the ionophore, the selectivity

coefficient simplifies to:

logKpot
IJ ¼ zIΔΔm

aqϕ
0
J, I

s
þ log

βJL
βIL

ð9:43Þ
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while for an excess ion-exchanger, the relationship reduces to:

logKpot
IJ ¼ zIΔΔm

aqϕ
0
J, I

s
ð9:44Þ

Clearly, the second relationship reflects the Hofmeister selectivity sequence (ions

of higher lipophilicity are preferred over more hydrophilic ones), while the former

predicts a selectivity that is additionally dictated by the binding constants between

the ions and the ionophore.

Other cases of varying ion charge and complex stoichiometry can be computed

and optimal molar membrane concentration ratio of ion-exchanger to ionophore are

shown in Table 9.5.52

9.3.8 The ISE Detection Limit

Most analytical techniques compare the signal from a dilute solution to a multiple

of the background signal uncertainty to characterize the detection limit. For histor-

ical reasons, the detection limit of ISEs has been based on a significantly different

definition than other techniques. It is traditionally defined as the intersection of the

two extrapolated linear segments of the calibration curve.53

According to the general protocol to determine the detection limit, the back-

ground potential in the absence of primary ions is equated to primary ion activity

predicted from the Nernst equation at the same potential. If one assumes that the

background potential is dictated by the potentiometric response to an interfering

Fig. 9.18 Logarithmic

selectivity coefficient

changes as a function of the

lipophilic ion-exchanger

concentration in the

membrane, calculated for

monovalent primary and

interfering ions and a 1:1

stoichiometry with the

ionophore whose

concentration is

LT¼ 10 mM
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ion, j, that has quantitatively displaced the primary ion, I, from the membrane phase

boundary, one may formulate this detection limit as:

aI LDLð Þ ¼
X
j

K pot
I, j aj

 �zI=zj ð9:45Þ

Here, multiple interfering ions have been semiempirically summed. In some cases,

Eq. (9.45) predicts phenomenally low detection limits that are not readily observed

in practice. As a case in point, a membrane with a selectivity coefficient of

Kpot
Ag;H ¼ 10� 10 measured in pure water (aH
 10� 7M ) should give a detection

limit on the order of 10� 17M.

If the solution contains an ion buffer, i.e., a large excess of a labile species that

maintains, at equilibrium, a defined activity of the free ion, the detection limit may

correspond to that given by Eq. (9.45). Such examples have been repeatedly given

in the field, with nominal detection limits even going down to the single molecule

level.2,25

9.3.9 Membrane Concentration Changes
and Kinetic Detection Limit

If, on the other hand, the sample solution is very dilute in primary ion, mass transfer

properties may become important. We can understand the extent of ion-exchange

with the following equation, written here for monovalent ions as32:

cmI
cmI Ið Þ ¼

aI

aI þ Kpot
I,J aJ

ð9:46Þ

The left side shows the mole fraction of primary ion I in the membrane phase

boundary relative to its concentration when ion-exchange is absent. This ratio is a

direct function of membrane selectivity and sample composition. The effect of

ion-exchange on the detection limit of the corresponding electrode is shown in

Fig. 9.19. Based on simple ion-exchange, half of the primary ions have been

displaced at the detection limit.

However, this ion-exchange results in a concentration gradient across the mem-

brane because the perturbation only occurs at the outer membrane side. This

gradient results in a counterdiffusion flux, with competing ions being transported

inward, in direction of the inner solution, while primary ions are expelled out of the

membrane. Since potentiometry is sensitive to the activity at the membrane surface,

this can result in a bias that introduces an important error in the measurement. It

often defines the lower limit of detection with highly selective membranes.

At steady-state, we expect a linear concentration gradient across the aqueous

diffusion layer (of constant thickness δaq) and across the whole of the membrane
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(thickness δm), as illustrated in Fig. 9.20. The ion flux from the membrane to the

interface and from the interface to the sample solution must be equal. We can

therefore write with Fick’s first law of diffusion:

Dm
jL

cmjL 0ð Þ � cmjL δmð Þ
δm

¼ Daq
j

c�j � caqj 0ð Þ
δaq

ð9:47Þ

The ion concentration at the sample side of the phase boundary is now found as:

caqj 0ð Þ ¼ c�j � q cmjL 0ð Þ � cmjL δmð Þ
� �

ð9:48Þ

with the permeability ratio

q ¼ δaqDm
jL

δmDaq
j

ð9:49Þ

Fig. 9.19 Calculated

response functions and

associated membrane phase

boundary concentration

changes of primary ion. The

detection limit is attained at

a mole fraction of 50 %

when half of the primary

ions have been displaced by

interfering ones of the same

charge
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If monovalent primary and interfering ions are considered, the aqueous surface con-

centration imposed by transmembrane counterdiffusion fluxes may be described as:

caqI 0ð Þ ¼ 1

2



c�I � Kpot

IJ cJ þ qcmIL δmð Þ � qcmR

þ 4Kpot
IJ cJ c�I þ qcmIL δmð Þ
 �þ c�I � Kpot

IJ cJ þ q cmIL δmð Þ � cmR

 �
 �2n o1=2�

ð9:50Þ

Fig. 9.21 Steady-state

potentiometric response

curves as a function of the

analyte concentration at the

inner membrane side,

calculated according to

Eq. (9.50) with

cmR ¼ 0.010M, q¼ 0.001 and

Kpot
I;J cJ¼ 10� 10

Fig. 9.20 Representation of steady-state concentration gradients and their notations for the

description of the dynamic detection limit that is dictated by zero-current ion fluxes across the

membrane and aqueous diffusion layer

9 Potentiometric Sensors 231



The strong influence of the inner solution composition on the resulting calibration

curves is shown in Fig. 9.21. A very high detection limit can be obtained in practice

with concentrated and lipophilic electrolytes that result in substantial electrolyte

extraction into the back side of the membrane (here, cmIL(δ
m)¼ 0.02M ). The pre-

dominant mode of transport is then co-diffusion with its counterion.

A very strong inward gradient is observed for cmIL(δ
m)¼ 0M. This polarizes the

surface concentrations to much smaller values, resulting in a so-called super-

Nernstian potential change at a critical concentration. Predominant mode of trans-

port is counter-diffusion with an interfering ion of the same charge sign as the

primary ion.

The two above mentioned effects become less pronounced as the inner mem-

brane concentration approaches that of the ion-exchanger. The lowest detection

limit without a super-Nernstian slope region is found at an inner primary ion

concentration equal to the ion-exchanger concentration (0.01 M) at the inner

membrane side. This optimal detection is significantly higher than that predicted

by Eq. (9.45) for the classical detection limit, 10�10 M.

The optimal detection limit attainable when ion fluxes are relevant is calculated

from Eq. (9.50) with a sample bulk concentration of c�I ¼ 0, an inner membrane

concentration of

cmI (δ
m)¼ cmR , and qcmR �Kpot

IJ cJ as:

caqI LDLð Þ ¼ caqI 0ð Þ ¼ qcmR K
pot
IJ cJ

� �1=2 ð9:51Þ

For a given selectivity and background electrolyte, the operational detection limit

can be minimized by reducing the ion-exchanger concentration and permeability

ratio q, which is a function of the diffusion layer thicknesses and ion mobilities.

While the concentration profiles indicated on the previous pages reflect idealized

steady-state behavior, in real situations the membrane is exposed to a range of

sample compositions. Consequently, the membrane gradients will change as a

function of the solution composition.58 The potential at the detection limit, there-

fore, will depend on the prior history of the electrode.

These processes are illustrated by numerical simulation, see Fig. 9.22. Here, the

membrane does not exhibit ion-exchange with interfering ions before exposure to a

sample containing no analyte ions at all. The observed potential change is initially

rapid, similar to that of a regular concentration step (blue trace), but a drift is

subsequently observed. This drift reflects the slow changes in membrane concen-

tration until the steady-state is reached. In practice, such drifts can be avoided by

keeping to solution concentrations well above the detection limit. They are also

minimized by preconditioning the membrane in a solution close to the desired

sample composition.

More recent work has introduced all solid state configurations to avoid the need

for optimizing the inner solution for each desired sample composition. So far, the

lowest detection limits have been achieved with ion-selective membranes

containing a poly(octylthiophene) layer between the membrane and contacting
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electrode.59 The light sensitivity of such underlayers places some limits on their

environmental applicability and requires shielding the electrode from direct sun-

light. Table 9.6 gives the detection limits for a number of recently reported

ion-selective electrodes when measured in samples without primary ion buffer,

see reference (60).

9.4 Dynamic Electrochemistry with Ion-Selective

Electrodes

While this book chapter focuses on the topic potentiometric sensors, ion-selective

membrane electrodes can also be interrogated by dynamic electrochemistry tech-

niques.61 This allows one to gain additional information from the sample for

Fig. 9.22 Medium term

drift of an ionophore-based

membrane at the detection

limit (red trace), where the
sample bulk concentration

is changed from 1 mM to

0 at time 0. At 600 s, the

sample bulk concentration

is returned to 1 mM. Blue
trace: corresponding
simulation where the

concentration is changed

to just 0.1 mM, showing

no such drift

Table 9.6 Optimal detection

limits of selected

potentiometric sensors60

Primary ion Molar detection limit

Na+ 3� 10�8

K+ 5� 10�9

NH4
+ 2� 10�8

Cs+ 8� 10�9

Ca2+ 10�10

Ag+ 3� 10�11

Pb2+ 6� 10�11

Cd2+ 1� 10�10

Cu2+ 2� 10�9

ClO4
� 2� 10�8

I� 2� 10�9
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speciation analysis, to achieve in-situ localized titrations, sample accumulation for

lower limits of detection, or calibration-free sensing.

Ion fluxes to or from the membrane can be imposed by an applied current. If

mass transport of the ions is by diffusion only, one essentially imposes the magni-

tude of the concentration gradient at the membrane surface. For ion fluxes in

direction of a planar membrane, the diffusion layer will increase with the square

root of time because the ions need to be sourced deeper and deeper from the

solution as they are lost by transfer into the sensing membrane. At a certain point

in time, and depending on the current amplitude, the imposed ion flux can no longer

be maintained and a different electrochemical process must start to maintain the

imposed current. As these membranes are sensitive to surface concentration

changes we may be able to observe this depletion event by a potential change.

The analytical signal does not depend on the magnitude of the potential, but on the

time at which the event takes place, also called the transition time. Consequently,

one can use a simplified electrochemical setup (simpler reference electrode design)

to make such measurements. The transition time τ is dependent on the concentra-

tion of the transferred ion with the Sand equation, written as

τ ¼ πDaq
j

zjFAc
�,aq
I

2i

� 2
ð9:52Þ

The time of the depletion event is given by the ability of the solution to maintain an

imposed flux, which bears some analogy to the mechanisms of bio-uptake and

ecotoxicology in environmental systems. This class of sensors therefore gives

information on the concentration of kinetically available species in solution.62

The technique is also promising for effecting localized titrations to assess informa-

tion on total acidity or alkalinity (the latter is detectable by a controlled current

release of hydrogen ions from a pH sensitive membrane electrode).63

Controlling the interfacial potential at a membrane electrode allows one to

impose a thermodynamic condition to extract ions from the sample solution into

the sensing phase or vice versa. While this can be exploited in voltammetric

sensors, the strategy is perhaps most promising for sensors that work on the

principle of ion transfer stripping voltammetry. In essence, a suitable potential is

applied for some fixed period (typically a few minutes) that results in the extraction

of the ion of interest from the sample phase. The potential is then scanned or pulsed

to values where this ion is stripped off, resulting in a peak-shaped current. The

accumulation step can result in lower detection limits (typically in the low

nanomolar concentration range) and the stripping peak potential gives information

on the nature of the stripped ion. Recent progress in this direction has involved the

use of a thin layer sensing film deposited on top of a solid electrolyte with a

conducting polymer intermediate layer.64 The extraction of anions from the sample

is then coupled to the oxidation of conducting polymer, resulting in a current.

Stripping is effected by re-reduction of the polymer.
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If one elects to reduce the sample thickness to that of the diffusion layer, one can

design an electrochemical ion sensing system that exhaustively extracts selected

ions from the sample under potential control. The current associated with this

extraction decays with time as the ions are depleted, and is integrated over time

to arrive at the removed charge. With Faraday’s law we arrive at a direct relation-

ship between this charge and the amount of removed ions. With fixed dimensions of

the cell the concentration is then inferred. This principle has been pioneered on

liquid receiving phases65 and more recently adapted to ion-selective membranes,66

which allows further miniaturization and the design of single use calibration free

sensing systems.
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Chapter 10

Controlled Potential Techniques

in Amperometric Sensing

L.M. Moretto and R. Seeber

10.1 Galvanic, Potentiometric, and Electrolytic Cells

Thermodynamics should strictly govern every reliable measurement supposedly

performed in equilibrium conditions, as it is the case of potentiometry, in such a

way that a measure that is not in agreement with thermodynamics is actually of poor

meaning, if any. On the other hand, if an external power source controls the

occurrence of a redox process at an electrode, as it happens in the controlled

potential techniques, thermodynamics tries to manage what is going on, though

not always successfully. Sometimes it happens that it does, sometimes that the

system “runs after” equilibrium conditions, only approaching them more or less

closely.

For this reason, by passing from a potentiometric cell, in which current abso-

lutely does not flow, and much time is given to the electrode/solution system to

achieve the equilibrium, to an electrolytic cell, which is at the basis of the controlled

potential techniques, everything becomes more complex. Nernst’s equation often

only constitutes a point of reference, and the arising of different over voltages

should be considered. Electrode thermodynamics is the basis from which electrode

kinetics, with a series of phenomena differently overlapping with each other,

emerges: a photograph evolves to a movie, even far from being just a series of

subsequent photographs. Furthermore, the consumption of electroactive species at

the electrode also implies that mass transfer to the electrode has to be taken into

account.
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In principle, an electrolytic cell, similarly to a potentiometric cell, can be

illustrated starting from a galvanic one. In a true galvanic cell spontaneous redox

or even physical processes take place; the aim is to transform the free energy change

(ΔG) accompanying the conversion of reactants into products in useful (electrical)

work (wu). The yield of transformation tends to one only if the current flowing (i)
tends to zero, i.e., occurs through equilibrium states: a thermodynamically revers-

ible process. Eeq is called “electromotive force” and is given by the potential

difference between the two electrodes at open circuit: Eeq¼Eeq,cathode�Eeq,anode

once assuming a spontaneous positive sign for the cathode, the electrode at which a

spontaneous reduction occurs. Actually, the system cannot evolve through equilib-

rium states: the current flowing lowers the yield due to the Joule effect.

As electroanalysts, we are much more interested to the shift to a potentiometric

cell of what is only formally a galvanic one, as described in detail in Chap. 9. One

electrode is at a fixed potential (reference electrode) and the other electrode

(indicator electrode) assumes a potential indicating that of the solution. No current

flows, the aim being no more that of collecting energy (work) from the cell reaction,

but rather that of performing a thermodynamic measurement on a solution: the

system is under equilibrium conditions.

On the other hand, if a (continuous) voltage generator is connected in opposition

to the galvanic cell, it slows down the rate of the cell reaction as far as the voltage

supplied, ΔV, is lower than Eeq of the cell; when ΔV¼�Eeq, the process is stopped
(i¼ 0). Further increase of jΔVj reverses the process: it is forced to a

non-spontaneous sense in an electrolytic cell. These different situations are

sketched in Fig. 10.1. The minus sign in front of Eeq indicates that the voltage

source is “in opposition” to the cell, ΔV being intrinsically negative in order to

reflect what required by the Kirchhoff’s principle.

10.2 From the Two-Electrode to the Three-Electrode Cell

Two electrodes are involved in the electrolytic cell reported in Fig. 10.2: the

so-called working electrode (WE) and the auxiliary (AE) or counter electrode.

The denominations suggest that we are interested in what happens at one of the

two electrodes, namely the WE. In a similar cell the following relationship holds:

�ΔV ¼ Eeq þ ηþ iRs ¼ Eþ iRs ð10:1Þ

where ΔV, in Volt, is the potential difference that should be applied (in opposition)

to the cell in order to make the current intensity i, in A per unit area, flow through:

E¼Eanode�Ecathode, both Eanode and Ecathode being obviously different from the

relevant equilibrium values, even in respect to sign; η is the sum of the absolute

values of the shifts of the anodic and cathodic actual potentials with respect to the

relevant equilibrium values [Eanode�Ecathode� (Eeq,cathode�Eeq,anode)]. In other

words, η is the sum of the anodic and the opposite of the cathodic overvoltages
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necessary to render Eanode and Ecathode positive and negative enough, respectively,

to make the i current flow: η¼ ηanode� ηcathode; iRs accounts for the ohmic drop in

solution, Rs, in Ohm, being the resistance of the solution between anode and

cathode. Let’s evidence that Eeq,anode, Ecathode, and ηcathode are intrinsically

negative:

Eanode > 0ð Þ ¼ �Eeq,anode þ ηanode ð10:2Þ

Fig. 10.1 Sketch of the three different circuits accounting for: (1) a working galvanic cell when S,

an ON/OFF switch, is open, for finite values of the variable resistance, Rv�A is the (positive)

cathode and B is the (negative) anode; (2) a potentiometric cell when S is open and Rv!1; (3) an

electrolytic cell when S is closed and jΔVj>Eeq�A is the (positive) anode and B is the (negative)

cathode. V high input impedance voltmeter. The ΔV dc potential generator is such that electrodes

with similar signs of those of the galvanic cell are connected

Fig. 10.2 Scheme of a

two-electrode electrolytic

cell with relevant circuit
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Ecathode < 0ð Þ ¼ �Eeq,cathode þ ηcathode ð10:3Þ

In Eq. (10.1) ΔV, i and Eeq are known quantities, Rs can be computed indepen-

dently, or made, as discussed hereafter, small enough to render the iRs term

negligible as a first approximation. However, since the interest lies in knowing

either Eanode or Ecathode, depending on which one is WE, we need knowing

EWE¼Eeq,WE+ ηWE; however, we only know η, i.e., the sum of the over voltages

of WE and AE.

Apart from the artifact to minimize ηAE by using AE large enough to make the

density current as low as possible,1 which is a rough, poorly satisfactory approach,

accurate knowledge of the WE potential requires the use of a three-electrode circuit

(see Fig. 10.3).

ΔV is applied between WE and AE, and the current flowing is correspondingly

measured; however, the potential difference between WE and a suitable reference

electrode (RE) is measured in an additional circuit, in which current is prevented

from flowing by the high impedance voltmeter (V). This voltmeter measures the

potential difference betweenWE and RE corresponding to the current passing in the

“primary” circuit. Well-known poorly polarizable electrodes, such as saturated

calomel electrode or Ag/AgCl are used as the RE. Figure 10.4a shows a typical

three-electrode single compartment cell for amperometric tests.

Although the three-electrode circuit actually furnishes adequate measures in

most situations, the electric field generated in the solution by the WE-AE system

induces different values of Φ, the “inner” or Galvani’s potential, in the different

points of the solution. This implies that a potential difference exists between WE

Fig. 10.3 Three-electrode

cell with relevant circuit

1 as it will be clear in the following, the extent of overvoltage depends on the current density, rather

than on the overall current. Just two examples to account for this fact: in the case of “charge

transfer overvoltage” the electrode kinetics is accounted for by kinetic constants and by the

concentrations at the electrode, that in no way depend on the electrode area. Similarly, as to the

“concentration overvoltage,” once more the finite values of the concentration gradient and,

consequently, of the concentration flux, are the sources of the relevant overvoltage, rather than

the concentration flow rate, i.e., at the whole electrode surface.
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and RE ascribable to an ohmic drop in solution: iRu, the so-called uncompensated

ohmic drop. Partial solution to this drawback is achieved by inserting the RE

electrode into a compartment containing the solvent with the supporting electrolyte

that ends with a capillary (Luggin capillary) positioned as close as possible to the

WE surface. No current flows between the end of the capillary and RE inside the

relevant compartment and, consequently, no change in Φ arises between the two

points: the residual iRu drop is then between the WE surface and the end of the

capillary. This term may be further minimized by instrumental artifacts such as

positive feedback or current interrupt, or by suitably correcting the actual WE

potential by the term iRu, once Ru has been computed by a conductivity bridge.

Such a “refinement” is necessary whenever high currents are involved (see, for

example linear sweep voltammetry at high potential scan rates) or particularly high

accuracy is required in the WE potential estimate. A sketch of an effective cell

possessing the adequate WE-AE geometry, with a Luggin capillary that can

be suitably positioned, is shown in Fig. 10.4b. The geometry of the WE-AE system,

in fact, should be suitable to assure uniform potential on the WE surface, and the

AE surface area must be much wider than that of WE, in order to minimize the

AE polarization.

The instrument devoted to manage the experiment employing a three electrode

circuit is called “potentiostat.” It fixes the potential between WE and RE at a

selected value, either constant or variable with time according to the chosen

potential waveform, through the imposition of a suitable voltage between WE

and AE. Actually, a more or less complex circuit based on operational amplifiers

achieves this goal by different approaches. Details on the instrumentation for

electroanalysis are found in the reference books suggested at the end of the chapter.

The extent of occurrence of non-spontaneous oxidation or reduction induced by

suitable polarization of WE imposes a distinction between two main cases. First,

Fig. 10.4 (a) Typical three-electrode single compartment cell; (b) two-compartment cell with the

Luggin capillary for the RE
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we deal with the case in which the charge spent due to a small current intensity at

a WE with small area does not change significantly the composition of the

solution: the current as a function of time or of applied potential has only the

role to give account of how the electroactive species responds to the potential

applied to WE. This may induce charge transfer from the electrode to the analyte

according to different energy pathways, generating species more or less stable,

even possibly oxidizable in their turn, etc. A number of possible electrode mech-

anisms may be activated, only acting, in any cases, on a tiny quantity of

electroactive species.2,3 Most important from an electroanalytical point of view:

reliable highly repeatable and reproducible responses are sought, that are charac-

terized by a (possibly linear) dependence of the current intensity on the analyte

concentration in solution.

10.3 Electrode Thermodynamics and Kinetics

The user of electrochemical methods of analysis may just aim at collecting infor-

mation about the electrochemical characteristics of a sample, in order to perform

qualitative or quantitative analyses of one or more species. He/she does not

necessarily need making the electrochemical thermodynamic and kinetic black

box as white as it has to be for an electrochemical researcher. However, in order

to suitably choose and exploit the techniques offered by the instrument’s menu, the

2 The knowledge of the operative electrode mechanism is of fundamental importance in a variety

of situations, from analytical to industrial applications of electrochemical methods. In electro-

analysis the current at a given time or potential is taken as an estimate of the concentration of the

electroactive species in solution. A linear relationship between current intensity and concentration

represents the case of choice. However, not always linearity is induced by the underlying electrode

mechanism, nor the relationship should be forced to linearity, once repeatability and reproduc-

ibility are carefully verified.
3 In the spectroscopic absorption measurements, the interaction of the radiation with matter causes

alteration of the probe, namely of the intensity of the exiting radiation. However, the “flux of

photons” that immediately afterwards crosses the samples is not affected by what happened to the

previous photons: the probe is unaltered and in the case of most, though not all spectroscopies, also

the sample does not undergo any changes as a consequence of the measurement. In voltammetric

measurements the probe, viz. the electrode, also interacts with the sample, which is essentially

unaltered; it is however possible that the probe is “modified” by the occurrence of the interaction:

the effect of the modification may persist, inducing changes in the behavior of the probe

afterwards. From these drawbacks the “history” of the electrode becomes one of the most

meaningful limits of the voltammetric techniques. Polarography at dropping mercury electrode

minimizes the history of the probe, since the electrode is periodically a new one, at a frequency that

can minimize the effects of poisoning adsorption or other events altering the electroactive surface.

Subsequent drops may be figured as the flux of photons, even if it is evident that the total absence

of “history” proper of radiations is anyway far from being achieved, owing to the finite length of

the life time of each drop. In solid electrodes, the history is the cause of eventual poor repeatability,

or even of poor reliability, of the responses.
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box should be lit a bit up, and basic concepts should be necessarily acquired. This is

true for any analytical techniques, but even more for the electrochemical ones,

which most often require not to be “passive” in front of the results obtained by only

“pushing the button.”

At the very beginning of this chapter it was anticipated that, at variance with

potentiometry, controlled potential techniques only incidentally deal with equilib-

rium situations. Noteworthy, in any cases, equilibrium is meant to possibly exist

between the electrode and the closest layer of solution. The reversible character of

the electrode process:

Oz þ ne ⇌ Rz
0 ð10:4Þ

is expressed by the observance of the Nernst’s law under the form:

E ¼ E0
0
þ RgT

nF
ln
CO x ¼ 0ð Þ
CR x ¼ 0ð Þ ð10:5Þ

n indicates the number of exchanged electrons (e) and both the oxidized and

reduced species, O and R bearing z and z0 charge, respectively, are soluble and

stable in solution4 (uncomplicated reversible charge transfer process)5; E�0 is the
formal potential of the O/R redox couple, linked to the standard potential E� by the

relationship E�0 ¼E� + (RgT/nF) ln γΟ/γR
6, γΟ and γR being the activity coefficients

of O and R, respectively; Rg is the molar gas constant, F is the Faraday

constant¼ 96485.34 Coulomb, T is the absolute temperature, CO and CR the

4 For the sake of simplicity, along the whole chapter, unless otherwise specified, this simple

process will be considered. Different mechanisms are often operative in electrode reactions of

analytical interest; however, the treatment of these cases requires too much room for a book

devoted to the issue of electroanalysis for environmental studies. On the other hand, the simplest

mechanism constitutes the basis for the more complex ones. References to specific literature are

found in the books of general interest that are listed at the end of the chapter. Noteworthy, a

reduction reaction is considered, but negative sign is given in the following to the corresponding

cathodic current [see from Eq. (10.5) onwards]. Such a choice is opposite to the “polarographic

convention.” Electroanalysis was born thanks to the diffusion of amperometric techniques at Hg

electrodes, at which reductions are for the very most part studied. It was then spontaneous to assign

positive values to the most often encountered currents, so that this habit still survives, despite the

subsequent diffusion of electrodes at which oxidations, i.e., flow of anodic currents, are induced.
5 Bare electrodes, i.e., electrodes in which the interface with the solution consists of a metal such as

Pt or Au, or of C, such as glassy carbon, are considered in this chapter. The diffusion of modified

electrodes, which will be dealt with in different chapters of the book, offers a variety of solutions

and of situations. In principle, everything becomes more versatile, more powerful, and more

flexible and, as it often happens in similar cases, also more complex.
6 In the very well-known relationship a¼ γ C, γ represents the activity coefficient. Throughout the
whole chapter we make reference either to the activity, e.g., in the frame of rigorous thermody-

namic issues, or to the concentration, e.g., when dealing with transfer of mass.
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concentration of O and R species, respectively, and x represents the distance from
the electrode surface. From here onwards, E indicates the potential of a single

electrode, either assumed spontaneously or imposed.

Equation (10.5) derives from the general expression that holds for any

equilibrium: X
i
νiμi ¼ 0 ð10:6Þ

though, actually, since the reaction deals with charged species, it should be

expressed by electrochemical potentials, μi:X
νiμi ¼ 0 ð10:7Þ

where

μi ¼ μi þ ziFΦ
s,M
i ð10:8Þ

μi is hence given by the sum of a chemical, μi, and of an electrical, ziFΦ
s;M
i ,

component. zi is the electrical charge of the charged species, νi the relevant

stoichiometric coefficient in the reaction considered, and Φ the Galvani’s or inner

potential of the solution (s) or metal (M ) phase in which the charged species i-th is

considered.

The chemical potential for the i species, i.e., O or R in the solution, and e in the

metal phase, is defined by the well-known relationship:

μi ¼ μ0i þ RgT ln ai ¼ dG

dni

� 
p,T,nj 6¼i

ð10:9Þ

Analogously, the electrochemical potential may be defined as:

μi ¼
dGi

dni

� 
p,T,nj 6¼i

ð10:10Þ

In explicit terms:

μsO ¼ μ0;sO +RgT ln asO, μ
s
R ¼ μ0;sR +RgT ln asR, μ

M
e ¼ μ0;Me (the activity of electrons is

accounted for by the inner potential of the phase); μ0;sO , μ0;sR and μ0;Me are the standard

chemical potential of O and R species in solution and of e in the metal phases,

respectively. ai is the activity of the species i, and G and Gi indicate the chemical

and electrochemical free energy of the system, respectively. μi indicates the
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electrochemical potential of O and R in solution and of e in the metal phase, in

accord with Eq. (10.8). It follows that it also holds7:

μM
e ¼ μ0,Me � FϕM ð10:11Þ

From the equations above, in particular from Eqs. (10.7) and (10.8), the equilibrium

condition is expressed by: X
νiμi ¼ �F

X
νiziΦ

s,M
i ð10:12Þ

A definition of the electrode potential E may be drawn out by properly

expressing the right hand side term of Eq. (10.12), in terms of difference in

electrical energy content between products and reagents (n¼ z� z0):

z
0
FΦs � zFΦs þ nzeFΦ

M

 � ¼ nF ΦM � Φs


 � ¼ nFΔΦ ¼ nFE ð10:13Þ

Equation (10.13) expresses the electrode potential, E, as the difference between
the inner potential of the metal, ΦM, and that of the solution, Φs

.

Equation (10.12) may be hence expressed as:X
i
νiμi ¼ �nFE ð10:14Þ

and X
i
νiμ

�
i ¼ �nFE0 ð10:15Þ

From Eqs. (10.1)–(10.15) it follows that:

E ¼ E0 þ RgT

nF
ln
aO
aR

Nernst equationð Þ ð10:16Þ

that strictly resembles Eq. (10.5), however expressed as a function of activities

instead of concentrations; zero distance from the electrode may be meant.

Indeed, while potentiometry refers to a static system, in which no reaction takes

place, the current flow in controlled potential techniques is the cause of occurrence

of a redox reaction: the electrode potential is imposed by an external source and

eventually changes with time. Considering what happens at WE, reversibility

7 The electrochemical potential of electrons in a given phase, μα
e , is the Fermi level or Fermi

energy. The Fermi level represents the average energy of available electrons in phase α, related,
similarly to any charged species, to the chemical potential of electrons in that phase, μ0;αe (¼μ0;αe ),

and the inner potential of α. In a solution phase, it may be computed from the electrochemical

potentials of the oxidized and reduced species. For example, for a solution containing Fe(III) and

Fe(II): μα
e ¼ μα

Fe IIIð Þ � μα
Fe IIð Þ.
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requires that the ratio between the activities/concentrations of the species involved

in the half-reaction is in perfect agreement with the electrode potential, according to

Eq. (10.5). On the other hand, it is well known from basic thermodynamics that a

reversible process is requested to occur through equilibrium states. This is an ideal

condition, only possible for systems that, in principle, cover a finite length path

across states far from each other by subsequent infinitesimal quantities, e.g.,

through infinitesimal changes in composition. This is something not belonging to

the real world. The so-called reversible, though real processes, occur with a rate

slow enough not to shift the system as a whole “too much away from” equilibrium

states, expressed in our case by the Nernst’s equation. Otherwise, different degrees

of non-reversibility are proper of the process. It is evident that reversible or

non-reversible behavior will be exhibited in dependence both of intrinsic properties

of the redox couples and of the experimental conditions adopted, e.g., fast or slow

changes of WE potential, requiring more or less speed in reaching a new equilib-

rium state.

Getting to the point, by considering the actual occurrence of a charge transfer at

the electrode, different situations may occur: (1) reversible charge transfer;

(2) totally irreversible charge transfer; (3) quasi-reversible charge transfer. In the

first case, as above discussed, equilibrium conditions hold and the charge transfer

occurs at such a rate to make the concentrations of the two species at the electrode

be in agreement with Nernst’s law:

CO x ¼ 0ð Þ
CR x ¼ 0ð Þ ¼ exp

nF

RgT
E� E00
� �� 	

ð10:17Þ

We don’t care for the moment of possible changes of CO(x¼ 0) and CR(x¼ 0),
x indicating the distance from the electrode; they are fixed to a constant value, not

taking into account any steps that condition their values, the charge transfer step

itself included. The mass transport processes to/from the electrode are assumed to

occur at an infinite rate: they will be only considered in a further step.

As it is common practice in basic kinetics, expressions are formulated in which

the overall rate is the vector sum, i.e., the scalar difference, between the rate of the

forward (reduction, in the present case) and the backward (oxidation) reaction rates:

v ¼ kh, f CO x ¼ 0ð Þ � kh,bCR x ¼ 0ð Þ ð10:18Þ

where subscript h accounts for the heterogeneous nature of the charge transfer. kh,f
and kh,b are kinetic constants, expressed in s�1, function of the activation electro-

chemical free energies for forward and backward reaction, respectively; their units

account for a rate referred to unit (electrode surface) area rather than to unit volume.

As discussed above, the difference of the electrochemical potentials, i.e., of the

molar electrochemical free energy, between products and reactants defines the

thermodynamics of the process. To account for the kinetics, the analogous energy
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content of every intermediate state, in particular of the transition state, should

complete the energy plot, presented in Fig. 10.5.8

Noteworthy, similarly to the thermodynamic equilibrium between electrode and

redox species in solution, also the kinetics of the charge transfer process is not only a

function of pressure and temperature, as it happens in the case of the “usual” chemical

reactions: the electrode potential, expressed as ΦM�Φs¼ΔΦ (¼E), i.e., the differ-
ence between the inner potential of the electrode and of the solution, respectively,

plays a fundamental role. From a thermodynamic point of view, it may impose any

Fig. 10.5 Plots of molar electrochemical free energy and relevant chemical and electrical

components along the reaction pathway

8 The term “reaction coordinate,” reported qualitatively in the plots, assumes however quantitative

meaning—with a precise quantity and relevant units—once the reaction path is followed through a

quantity suitable to describe its progress. This quantity may be related, for instance, to (1) the bond

length if a bond breaks or forms, e.g., in the reduction of iodine to iodide ions or oxidation in the

opposite direction, respectively; (2) the angle formed by two atoms of one or two ligands and the

metal in a complex, when passing, for instance, from a (regular) square planar coordination (90�)
to a (regular) tetrahedral (109�) coordination by changing the oxidation state of the metal/complex;

(3) the shortening of the bond length between the metal and one atom of the ligand set once the

metal or complex are oxidized, and so on.
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value to the CO/CR ratio, acting on the energy levels of reactants and products; in a

kinetic context, it may favor, slow down, stop, and even reverse the direction of the

charge transfer, modifying the activation energy of forward and backward reactions.

The “chemical” and the “electrical” components of μ, i.e., μ and ϕ terms, should be

added to each other, point by point, along the “reaction coordinate” abscissa, to

account for the energy content of the system evolving from reactants to products or

vice versa. This means that the plot (a) in Fig. 10.5 results from the sum of plots

(b) and (c). In correspondence to the minima of plot (a) one finds the molar

electrochemical free energy content of reactants and products, respectively, which

define the thermodynamics of the system; for intermediate values of the abscissa the

energy content along the reaction path is found. In particular, making reference to the

relative maximum of the curve, i.e., to the transition state, the activation energies for

forward and backward reactions, respectively, are expressed by:

ΔG#

f ¼ ΔG0#
c, f þ βnFΔΦ ð10:19Þ

and

ΔG#

b ¼ ΔG0#
c,b � 1� βð ÞnFΔΦ ð10:20Þ

where β is the so-called symmetry factor, accounting for the distribution of the inner

potential along the reaction path, ΔG#

f and ΔG#

b are the forward and backward

activation energy, respectively, and ΔG0 #
c;f and ΔG0 #

c;b the corresponding chemical

energy components. The transition state, from an electrical energy point of view, is not

far from half way, which means that 0.3� β� 0.7, resulting often quite close to 0.5.

Let’s define the chemical components of forward and backward kinetic con-

stants, respectively, as inferred from plot (b) in Fig. 10.5:

kc, f ¼ kBT

h
exp �ΔG0#

c, f

RgT

" #
ð10:21Þ

and

kc,b ¼ kBT

h
exp �ΔG0#

c,b

RgT

" #
ð10:22Þ

where kB and h are the Boltzmann and Planck constants, respectively. The electrical

component of the activation energy should be also taken into account in order to

express the dependence on the electrode potential of the heterogeneous kinetic

constants for forward and backward reactions, respectively:

kh, f ¼ kBT

h
exp �ΔG

#

f

RgT

" #
¼ kc, f exp � βnFΔΦ

RgT

� 	
ð10:23Þ
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and

kh,b ¼ kBT

h
exp �ΔG#

b

RgT

" #
¼ kc,b exp

1� βð ÞnFΔΦ
RgT

� 	
ð10:24Þ

Equations (10.18), (10.23), and (10.24), together with Faraday’s law (Q¼ n F
nmol, Q¼moles of Coulombs used and nmol¼ number of moles reacted) give

everything required for writing explicitly Eq. (10.25). The Coulombs spent per

unit area in a unitary time length express the current density:

i tð Þ ¼ nF �kh, f CO x ¼ 0, tð Þ þ kh,bCR x ¼ 0, tð Þ� � ð10:25Þ

Noteworthy, CO and CR not only depend on the distance from the electrode, x,
which is the source of the perturbation possibly inducing a charge transfer, but also

on time, t, indicating the time elapsed from the start of the electrode polarization.

CO and CR will be explicitly considered as functions of both x and t variables from
here onwards.

Equation (10.25) evolves to different possible forms of the Butler–Volmer

equation, which predicts the dependence on the potential of the density current,

O and R concentrations at the electrode being supposed not to change in depen-

dence of the flux of current, i.e., of charge. A first one makes use of kh,s, the standard
heterogeneous kinetic constant, i.e., the kinetic constant of both forward and

backward reaction at E¼E�0:

i tð Þ ¼ nFkh, s �CO 0; tð Þ exp �
βnF E� E0

0� �
RgT

2
4

3
5þ CR 0; tð Þ exp

1� βð ÞnF E� E0
0� �

RgT

2
4

3
5

8<
:

9=
;

ð10:26Þ

An alternative form makes use of i0, i.e., the so-called “exchange current,”

flowing with equal intensity in the two opposite senses at E¼Eeq, η expressing

the charge transfer overvoltage, i.e., the distance between the applied and the

equilibrium potential of WE:

i tð Þ ¼ i0 � exp � βnFη

RgT

� 	
þ exp

1� βð ÞnFη
RgT

� 	� �
ð10:27Þ

kh,s and i0 can only be computed by extrapolation; they are the higher, the higher the

reversibility degree of the charge transfer. For a totally irreversible charge transfer a

finite potential range can be identified within which both kh,f and kh,b assume

negligible values. No similar range exists for a quasi-reversible charge transfer.

Figure 10.6 shows the plot of the cathodic and anodic components of the current,

together with the relevant sum, for two different reversibility degrees.
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As evidenced at the beginning of the treatment of the electrode kinetics, the

Butler–Volmer equation only accounts for the kinetics of the charge transfer, once

supposing that the supply of electroactive species at the electrode occurs at infinite

rate, i.e., assuming that infinite rate of mass transfer is operative. This is out of the

reality: a finite rate characterizes the mass transport. As a consequence of the charge

transfer, in fact, mass transfer of reactant and product to and from the electrode

surface, respectively, is induced.

Fig. 10.6 Total currents with relevant cathodic and anodic components, i.e., forward and back-

ward currents, respectively, as a function of the overvoltage for two different reversibility degrees,

as simply computed by the Butler–Volmer expression in Eq. (10.27); in plot (b) the total current

coincides with the anodic (red line) or cathodic (blue line) component, for positive and negative

values of η, respectively
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In the considered electrode process three formally distinct steps concur to make

the process proceed as a whole:

1. Electron transfer at the electrode that induces

2. O transport to the electrode

3. concomitant R transport away from the electrode.

These three steps are schematically represented in Fig. 10.7. Noteworthy, this

simple scheme only accounts for the case of a bare electrode surface. Much more

numerous and more complex steps account for even the simplest electrode process

occurring at differently modified electrodes. Other chapters in this book describe

the proposed modifications, to which a true renaissance of electroanalysis has to be

ascribed. It is obvious that the comprehension of what happens at similar complex

electrode systems requires knowing how to deal with the simplest ones.

Figure 10.8 sketches the three different mass transport mechanisms at a planar

electrode: diffusion, migration and convection, respectively.

One-dimensional mass transfer is operative once the geometries of WE and of

the cell are suitable, as described below for pure diffusion. In the case that all three

mass transfer processes are operative, it is accounted for by the Nernst–Planck

equation. The first term accounts for diffusion, the second one for migration, and

the third one for convection:

J x; tð Þ ¼ �D
∂C x; tð Þ

∂x
� zFDC

RgT

� 
∂∅ x; tð Þ

∂x
þ C x; tð ÞV x; tð Þ ð10:28Þ

where J is the flux of the diffusing species, in mol cm�2 s�1 when D, the relevant
diffusion coefficient, is expressed in cm2 s�1 and C in mol cm�3. V accounts for the

velocity of the volume element of the solution moving in the x direction.

Fig. 10.7 Scheme for a reduction reaction at an electrode surface—uncomplicated charge transfer

involving species both soluble in the solution phase
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In particular, most of the amperometric techniques tend to make the analysis of

the relevant responses as easy as possible by operating under suitable experimental

conditions, so that diffusion constitutes the largely predominant mass transfer

mechanism. Diffusion accounts for the intrinsic capability of O to move inside

the solution under the driving force of the relevant concentration gradient, modu-

lated by the diffusion coefficient Do. Migration is minimized by addition of an inert

salt (supporting electrolyte), most inert as possible with respect to the chemical

system in solution, as well as to the polarized WE, within an as wide as possible

potential window. The supporting electrolyte is present at a high enough concen-

tration—typically not less than 50 to 100 times the electroactive species—to assure

electroneutrality everywhere inside the solution, hence to compensate the excess of

negative (or positive) charge arising in the layer adjacent to the electrode as a

consequence of the charge transfer. Convection arises by movement of the solution

with respect to the electrode or vice versa. In some techniques (see below) convec-

tion does occur, however under precisely controlled conditions; otherwise, it is

Fig. 10.8 Mechanisms of mass transport at a planar electrode. Adapted from (Wang 2000). The

mathematical expressions for the contributions of the three different mass transfer mechanisms to

the total flux of the electroactive species are given
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prevented from occurring by avoiding any movement of the solution and of the

electrode.

Disks with ca. 2 or 3 mm diameter constitute conventional electrodes for amper-

ometric measurements9. Despite the low surface area, the laws governing semi-

infinite linear diffusion can be applied as quite a good approximation. This leads to

consider diffusion along a single direction, orthogonal to the electrode surface: the

diffusional system is supposed not to suffer from edge effects (see Chap. 15).

Furthermore, the walls of the cell are far enough from the electrode surface—actually

1mm is awell sufficient distance—not to be reached by the perturbation arising at the

electrode (see below).

Fick’s I and II laws account for the concentration values at different times, at

different distances from the electrode, once suitable boundary conditions are

established.

JO x; tð Þ ¼ �DO
∂CO

∂x

� 
x, t

Fick’s I law for electroactive species O ð10:29Þ

∂CO

∂t

� 
x, t

¼ DO
∂2

CO

∂x2

 !
x, t

Fick’s II law for electroactive species O ð10:30Þ

Fick’s I law expresses the flux of diffusing species across a unit area orthogonal

to the diffusion direction, hence parallel to the electrode, at a distance x from the

electrode at a time t; for x¼ 0 the flux is related to the current density by the

relationship, derived once more from Faraday’s law:

i tð Þ ¼ nF JO 0; tð Þ ð10:31Þ

Fick’s II law gives account for the instantaneous change in concentration of the

diffusing species in a volume with dx thickness and unitary cross sectional area

perpendicular to the diffusion direction, as expressed by the difference between the

relevant entrance and exit fluxes.

The following (initial and) boundary conditions allow the solution of the

“boundary value problem” for a reversible charge transfer involving stable soluble

species (the so-called “uncomplicated charge transfer process”):

9 Distinction should be made between the value of the geometrical and the electrochemical (active)

areas of an electrode. The meaning of geometric area is obvious. The electrochemical area should

be computed on the basis of the response to a benchmark species in one of the techniques discussed

in the following. Once the diffusion coefficient of the species chosen, typically one partner of a

reversible redox couple, such as the hexacyanoferrate anions in water or bis(cyclopentadienyl)iron

(II)—ferrocene—in organic solvent, is known, the ratio between the measured current and the

expected current density constitutes a reliable estimate of the electrochemical area. The depen-

dence of this area value on the exact nature of the electroactive species may be discarded as a first

approximation, once poisoning of the electrode and the occurrence of unknown complex electrode

mechanisms can be excluded.
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Oz þ ne� Ð Rz0

The proper Fick’s II law expressions for species O and R are:

∂CO x; tð Þ
∂t

¼ DO

∂2
CO x ¼ 0, tð Þ�

∂x2
and

∂CR x; tð Þ
∂t

¼ DR
∂2

CR x ¼ 0, tð Þ
∂x2

, respectively.

Indicating with CO
b and CR

b the initial (t¼ 0) O and R concentrations, respec-

tively, which also coincide with the concentrations in the “bulk” of the solution—

actually at a large enough distance from the electrode surface (see below)—the

following initial conditions hold:

t ¼ 0

x � 0
CO x; 0ð Þ ¼ Cb

O

CR x; 0ð Þ ¼ Cb
R ¼ 0 for the case of species O only present intially in the solutionð Þ

�
ð10:32Þ

and the two boundary conditions:

t > 0

x ! 1
CO x; tð Þ ¼ Cb

O

CR x; tð Þ ¼ Cb
R ¼ 0 for the case of species O only present intially in the solutionð Þ

�
ð10:33Þ

t > 0
x ¼ 0

�DO
∂CO 0; tð Þ

∂x
¼ DR

∂CR 0; tð Þ
∂x

¼ i tð Þ
nF

0
@

1
A

CO 0; tð Þ
CR 0; tð Þ ¼ exp

nF

RgT
E tð Þ � E00
� �2

4
3
5

8>>>>>>><
>>>>>>>:

ð10:34Þ

The flux of electrons at the unitary area electrode, i(t), may be obtained by:

i tð Þ ¼ nFJO 0; tð Þ ¼ �nFDO
∂CO 0; tð Þ

∂x
¼ �nFJR 0; tð Þ ¼ nFDR

∂CR 0; tð Þ
∂x

ð10:35Þ

Let’s recall the assumption of a negative sign for a cathodic current. For a quasi-

reversible charge transfer:

Oz þ ne !kh, s;β Rz
0

the Butler–Volmer expression substitutes for the Nernst’s equation:

DO
∂CO 0; tð Þ

∂x
¼ kh, f CO 0; tð Þ � kh,bCR 0; tð Þ ð10:36Þ

In a quasi-reversible charge transfer kh,f and kh,b are both significantly different

from 0, while kh,b¼ 0 in a totally irreversible reduction, over a potential range

significantly different from zero.
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More complex equations hold for electrode mechanisms in which events addi-

tional to diffusion take place, such as chemical reactions in charge of the reactant or

of the product, adsorptions at the electrode, etc. It is noteworthy that the boundary

condition x!1 can be, in practical calculations, substituted by x ¼ 6
ffiffiffiffiffiffiffiffi
DOt

p
where

t is the time length of the experiment10. Such a distance defines the “diffusion

layer,” viz. the layer of solution within which the concentration of electroactive

species significantly differs from that in the “bulk”. This means that for a species

possessing D¼ 10�5 cm2 s�1, which is a typical value for common systems in

aqueous solvent, an experiment as long as 10 s allows meaningful expansion of the

perturbation arising at the electrode not further than 0.6 mm. It is hence clear that

the request of “semi-infinite diffusion” is actually much less urgent than it

seemingly is.

The solution of the proper boundary value problem allows the calculation of the

so-called concentration profiles for the species involved in the process. The con-

centration profile consists of the plot of the concentration at different distances from

the electrode surface (x independent variable for C dependent variable), at different

times (t independent variable). The gradient of the concentration at the electrode

allows the computation of the current.

The solution of the boundary value problems is far from being easy also in the

simplest cases and numerical solutions are required sooner or later along the

solution path. Actually, a variety of numerical finite difference methods for the

simulation of the responses have been introduced for a long time. More or less

sophisticated transformations of space and time domains are necessary for fast and

accurate calculation of the evolving concentration profiles. This is particularly

urgent when dealing with specific events coupled to the charge transfer, such as

fast chemical reactions, as well as for particular geometries of WE. Examples of

more complex geometries are given not only by the dropping or hanging Hg

electrodes, which are characterized by spherical shape with quite small radius,

but also by (solid) microelectrodes, and by micro- and nano-electrode arrays, which

will be dealt with in specific chapters of this book.

Variable t is connected to the potential imposed to the electrode, E(t), which may

assume different values over time, depending on the amperometric technique

considered. The “potential wave form,” E(t), in fact, univocally defines the denom-

ination and the characteristics of the specific technique.

Quite importantly, by considering the different responses relative to reversible

and non-reversible charge transfers, a few basic kinetic considerations have to be

done, that “join” the Butler–Volmer equation to a finite rate mass transfer, specif-

ically consisting of pure diffusion. The starting point has been already evidenced: in

the reversible case the equilibrium between electrode and redox system in solution

10 The reason for this choice lies in the approximation to 1 of the values of the error function, erf

(x), that accounts for the concentration profile of a species undergoing pure diffusion, with

0 concentration at the electrode; in particular, if CO(0,t)¼ 0 for t> 0, CO(x,t)¼CO
b erf[x/(2

(Dot)
1/2)]. It follows that CO 6

ffiffiffiffiffiffiffiffi
DOt

p
; tð Þ ¼ 0:99998 CO

b
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is ideally reached instantaneously, while in the non-reversible cases the equilibrium

is attained by the system at a finite rate. Whatever expression for the conversion

rate, i.e., for the current flowing (see boundary conditions above) is considered,

forward and backward rates depend on the concentrations of the species at the

electrode. Assuming that diffusion is the only operative mass transfer, the process

as a whole consists of two steps, in series to each other (see Fig. 10.7): the diffusion

precedes the charge transfer. It is well known that the rate of an overall process

depends only on the rate of the first step when it is much slower than the second one.

When the second step is the lower one, the rates of both steps condition the overall

rate. This means that when the equilibrium at the electrode is reached at a rate much

higher than diffusion, the process is “diffusion controlled” and the responses of

whatever technique appear as those of a reversible charge transfer: Nernst’s equa-

tion is obeyed. In the case of a charge transfer rate comparable or even slower than

diffusion, both steps, i.e., diffusion and electron transfer, condition the current/

potential response obtained.

Clear distinction should be made between non-reversibility due to charge trans-

fer, as considered throughout the whole present chapter, and “apparent”

non-reversibility, due to lowering or even vanishing of CR concentration in the

diffusion layer, due to more or less fast irreversible chemical reaction following the

charge transfer, i.e., in charge of R species. Also in this case the backward charge

transfer reaction is prevented from occurring, owing to the concentration term of

the kinetic expression, rather than to the kinetic constant. However, the intrinsic

different nature of the electrode mechanism, which affects the relevant proper

equations, implies differently shaped responses and different trends of the relevant

characteristics, diagnostic of the operative mechanism, at varying experimental

conditions. The vague resemblance of the responses obtained with some ampero-

metric techniques often induces non experts in electrochemistry to mismatch the

two actually quite different situations.

10.4 Amperometric Techniques

First of all, the meaning of the terms amperometry and voltammetry should be

pointed out, owing to more and more widely diffused mismatch. Amperometry

(¼measurement of a current) simply indicates whatever technique in which a

current is measured. It is measured as a function of an independent variable that,

in electroanalysis/electrochemistry is reasonably the corresponding electrode

potential or time; in principle, however, all possible experimental variables are

plausible. Measuring a current as a function of temperature, or of pressure, or even

of the gravity force, constitutes in all cases an amperometric measurement.

As a more sound example, chronoamperometry, in which time is the indepen-

dent variable, is of fundamental importance in order to achieve information about

the actual diffusion control or, rather, to conclude that adsorption or kinetic events

precede or occur in parallel to the charge transfer. On the other hand, in
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amperometric measurements at constant potential under mixed diffusion and con-

vection conditions, as it happens in the case of rotating disk electrode (see below),

time is not a meaningful variable: unless the concentration of electroactive species

changes, the current assumes a constant value that represents the measured quan-

tity. Similar measurements are at the basis of amperometric titrations, indicating

any cases in which the appearance or increase of an electroactive species, as well as

its decrease or disappearance caused by any possible events, is monitored by

measuring the relevant anodic or cathodic current flow. This can be effectively

performed at fixed or at varying potential, recording in the latter case a whole

current/potential curve. Similarly, in a number of different studies it is profitable to

make use of voltammetric techniques: the current is measured as a function of the

potential of the electrode, which varies with time according to different waveforms,

described hereafter: the potential waveform univocally defines the relevant

voltammetric technique.

10.4.1 Chronoamperometry

The simplest waveform employed in amperometric techniques is shown in

Fig. 10.9a. The WE potential is initially at a value at which no redox process

takes place (Ei), and “suddenly” assumes a value at which it does occur (Ef). In a

chronoamperometric test the current is recorded as a function of the time spent

since the application of Ef. “Suddenly” does not express what actually happens,

since a (short) delay is introduced by the electronic components of the potentiostat,

as well as by the very high values that the current intensity would have to assume,

actually tending to 1, which implies that the iR term also tends to 1.

Ef may assume a value at which O is converted to R at different rates. One has to

keep in mind that this conversion occurs limitedly to O species at the electrode, i.e.,

for x¼ 0: the concentration values that, in a way or another, are conditioned by Ef

are those adjacent to the electrode surface. The expression “in a way or another”

intends to distinguish between reversible and non-reversible charge transfers: in the

former case the Nernst’s equation holds, in the latter a Butler–Volmer relationship

is valid.

The solution of the boundary value problem outlined above for the reversible

charge transfer occurring under semi-infinite linear diffusion conditions, leads to

the following equation for the current density in chronoamperometry:

i tð Þ ¼ � nFD
1=2
O

π1=2t1=2 1þ ξΘð Þ ð10:37Þ
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where

ξ ¼ DO

DR

� 1=2
ð10:38Þ

and

Θ ¼ exp
nF

RgT
E�;E0

0� �� 	
¼ CO 0; tð Þ

CR 0; tð Þ ð10:39Þ

At a negative (for a reduction) enough potential the concentration of

electroactive species at the electrode becomes equal to 0, due to either thermody-

namic or kinetic reasons, for a reversible or non-reversible charge transfer, respec-

tively. Under similar conditions the dependence of the current density on time is

given in any cases by the Cottrell equation:

i tð Þ ¼ �nFCb
OD

1=2
O π�1=2t�1=2 ð10:40Þ

Fig. 10.9 Chronoamperometry at a potential corresponding to CO(0,t)¼ 0: (a) perturbation

signal; (b) concentration profiles at increasing times; (c) signal recorded: i¼ f(t) according to

Cottrell’s equation; normalization in (b) is performed by dividing CO(x,t) by CO
b with respect to

the bulk concentration, which is quite common practice
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Although Eq. (10.40) holds not only for uncomplicated charge transfer pro-

cesses, in some cases chemical reactions coupled to the charge transfer, e.g., the

occurrence of a preceding chemical reaction, or of catalytic regeneration of

the electroactive species, or even of adsorption phenomena, etc., significantly

alter the expression. Figure 10.9b reports the evolution with time of concentration

profiles for the electroactive species once CO(0,t)¼ 0: the variation with time of the

concentration gradient at the electrode accounts for the i vs. t curve in Fig. 10.9c.

The time window useful in chronoamperometry, over which the theoretical

equations are obeyed, deserves some comments. We point out here, but it is actually

true in all experimental situations, that the measured current intensity (it) is given by
the sum of three contributions: (1) the faradic current (iF), due to electrons passing

from the electrode to the solution or vice versa; (2) the capacitive current (ic), only
flowing in correspondence to a change of the potential responsible for the charging/

discharging of the electrode/solution double layer; (3) the background current (ib).

it ¼ iF þ ic þ ib ð10:41Þ

The last term (ib), accounting for the electroactivity of any species present in

solution different from that of interest, is, obviously, completely different from one

case to another; it contributes to the so-called “noise,” meant as the opposite of

informative signal, and can be differently subtracted from the overall signal. ic
strongly depends on the geometry of the cell, in particular of WE, of AE and of their

reciprocal disposition. Apart from specific studies devoted to the investigation of

the nature of the electrode/solution double layer, ic constitutes a serious trouble; in
analytical studies, such a current component also constitutes noise, i.e., an

undesired, disturbing signal component. In the case of a chronoamperometric

experiment carried out in a cell with suitable geometry, ic assumes significant

values in the first few tens of microseconds after the imposition of Ef. This means

that reliable data are collected only after that the charging of the double layer has

for the very most part occurred. On the opposite, at times ranging from 0.5 to few

seconds, once more depending on the cell geometry, the diffusion layer becomes

relatively wide, the concentrations of the species within are low, and the relevant

profiles are stretched out. This implies that edge effects arise, progressively induc-

ing diffusion parallel to the electrode. The cause lies in the high gradient value

between the concentrations in correspondence to the peripheral portion of the

conducting surface and that to the adjacent insulating material constituting the

electrode assembly. Diffusion to the electrode with a partial radial character

becomes operative11, owing to the creation of a finite concentration gradient

parallel to the electrode surface. The flux at the electrode results consequently

higher than predicted by the pure linear diffusion, and correspondingly higher

11 It is evident from the foregoing that a contribution to diffusion parallel to the planar electrode

becomes more and more significant at decreasing the radius of the disk; the diffusional process

tends asymptotically to a pure radial one, when the radius tends to zero. Such a kind of diffusion

will be treated in detail in this book in the frame of microelectrodes (Chap. 15).
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currents flow. In addition, similar stretched out profiles are poorly “stable” and

undesired convection phenomena may easily arise. In respect to similar deviations

from purely linear diffusion, it is noteworthy that it is quite common to record

currents at longer times. In quite a different situation the solution is also stirred

(even by a magnetic bar), which implies, however, the adoption of experimental

conditions that do not aim at fitting those of chronoamperometry. In both cases

similar measurements are only expected to lead to reliable data, e.g., in the frame of

a calibration procedure, once the experimental conditions are carefully controlled

and reproducible.

The theoretical chronoamperometric curves for different electrode mechanisms

have been developed in the 1960s and 1970s, taking care of a number of different

situations.

Low amount of theoretical, and maybe even less amount of experimental work

has been made on double potential step chronoamperometry that, similarly to cyclic

voltammetry (see below) is classified as a “reversal technique”: after the forward

step potential, WE is polarized at a value at which the electrogenerated species is

reoxidized to the starting one. Such a technique is quite effective in studies of

electrode reaction mechanisms. As an example, very accurate quantitative data

about the kinetics accounting for the stability of electrogenerated species can be

gained. However, the issue of how the data should be treated in order to obtain

similar information about different homogeneous kinetics coupled to the charge

transfer is far beyond the scope of the present book.

The Cottrell’s equation indicates that the current is at any time proportional to the

bulk concentration of the electroactive species, which potentially makes chronoam-

perometry a technique suitable for quantitative determinations. Actually, it is not so

often directly used to this purpose, due to low sensitivity at times not short enough

and poor selectivity exhibited in many situations. However, it is at the basis of a not

so often used, maybe underestimated technique, namely the voltammetry with

periodical renewal of the diffusion layer. This technique very often furnishes

comparable information in respect to the more sophisticated voltammetry making

use of the rotating disk electrode, requiring a much less sophisticated experimental

setup. Although different initial conditions hold, the responses of pulse techniques

described in the following are also based on chronoamperometric decays.

10.4.2 Voltammetry at Electrode with Periodical Renewal
of the Diffusion Layer

This technique clearly reflects what acquired in the 1940s and 1950s by polarog-

raphy with the dropping mercury electrode. Objections are possible to our decision

not to treat this last technique, i.e., the direct current (dc) “dropping mercury

electrode (dme) polarography” or “dc polarography” or even “polarography” for

short, that can be actually considered at the origin of electroanalysis. After the end
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of the II World War the Czech and Russian extraordinary electrochemical schools

devoted attention to the Hg electrode. The virtues of Hg are claimed in another

chapter of this book (see Chap. 16). The side effects that dramatically limit its use

are also evidenced, so much so that the massive use of Hg is nowadays so poorly

diffused to (hopefully) legitimate our choice. This notwithstanding, some points

about the use of Hg will be necessarily dealt with in this chapter, on the occasion of

the discussion of “stripping techniques.”

Voltammetry at electrode with periodical renewal of the diffusion layer simply

consists in recording different chronoamperometric curves at progressively varying

the potential, and sampling the current at a constant time from the start of each single

current decay curve. The sampling time should be not so short to include capacitive

currents and short enough to lead to best sensitivity, simultaneously. The sampled

current values as a function of the potential variable constitute themeasured quantities.

Since each curve at a given potential requires initial conditions of unperturbed

concentration profiles for the species, different ways to renew the diffusion layer

between two subsequent steps have been proposed. In principle, every curve is

recorded at a constant potential; potential step values between two subsequent

curves should be small enough to allow easy interpolation of the i values collected.
The result is an S-shaped i vs. E voltammetric curve. Figure 10.10 reports the

waveform and the relevant response obtained; only a few chronoamperometric

curves and relevant sampled currents are shown for clarity.

Fig. 10.10 Voltammetry with periodical renewal of the diffusion layer: (a) perturbation wave-

form; (b) sequence of chronoamperometric signals recorded at each potential step; (c) i vs. E
response
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As mentioned in the introduction of the amperometry techniques, the

voltammetry with periodical renewal of the diffusion layer is particularly effective

in monitoring a process differently involving an electroactive species, e.g., in the

already mentioned amperometric titrations, in the determination of the stability of a

species, etc. In particular cases, also simple chronoamperometry, i.e., at a fixed,

suitably chosen potential, may be effective to this purpose. Noteworthy, it will be

clear in the following that the much more widely diffused linear potential scan and

cyclic voltammetric techniques are not always suitable to substitute for voltammetry

with periodical renewal of the diffusion layer to the purpose of monitoring

electroactive species during their transformation. Voltammetry with periodical

renewal of the diffusion layer, as well as the voltammetry at rotating disk electrode,

only allows the estimation of the concentrations of both partners of a redox couple,

on the basis of the ratio between the anodic and cathodic limiting currents.

A few considerations should be made on similar voltammetric curves, reflecting

what derived for dc conventional polarography. They once more look very much

closely after the observations that can be made with reference to the voltammetric

curves recorded at a rotating disk electrode (see below). Curves 4 and 5 in

Fig. 10.10b are overlapped to each other, since the evolution of the relevant

concentration profiles is the same: past a given potential, the concentration of

electroactive species at the electrode approaches 0 very closely. Correspondingly,

points 4 and 5 in the i vs. E curve (Fig. 10.10c) indicate equal current values: a

“limiting current” has been reached. For a reversible charge transfer, the Nernst’s

equation indicates that an E value 120/n mV more negative than E�0 corresponds to
CO(x¼ 0)¼Cb

O/100; a further, poorly meaningful tenfold decrease of the concen-

tration results from further 60 mV, and so on. In the non-reversible case a similar

correspondence between applied potential and CO(x¼ 0) cannot be univocally

defined; however, a high enough overvoltage causes, also in this case, that

CO(x¼ 0) tends to 0. The current does not increase anymore and a limiting current

has been once more reached; its value does not depend on the reversibility degree of

the charge transfer.

The following equation, accounting for the analytically interesting linear depen-

dence of the limiting current density on the bulk concentration of the electroactive

species, can be written:

iL ¼ �knFD
1=2
O π1=2Cb

O ð10:42Þ

where k depends on the sampling time.

Furthermore, only for the case of a reversible uncomplicated charge transfer, the

potential corresponding to a current equal to one half the limiting value is expressed

by:

E1=2, r ¼ E0
0
þ RgT

nF
ln

DO

DR

� 1=2
ð10:43Þ
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E1/2,r, which will be encountered also when dealing with different voltammetric

techniques in the following parts of this chapter, is most often a very good

approximation of the thermodynamic quantity, E�. It should be emphasized that a

dynamic technique may be invaluable tool for evaluating this parameter, for

example whenever one partner of the redox couple is not stable enough to make a

potentiometric measurement, but it is over the much shorter time scale of a

potentiodynamic measurement.

10.4.3 Rotating Disk Electrode (RDE) Voltammetry

Rotating a disk electrode at a controlled frequency, f, constitutes an effective way to
induce controlled mass transfer by convection. Actually, convection is operative in

the solution as far as a given distance from the electrode is reached; at lower

distance, the solution progressively tends to rotate more and more jointly with the

electrode. The result consists of the obtainment, in this region, of a solution that is

progressively quiescent with respect to the electrode, unperturbed by convection:

the mass transfer progressively shifts from a convective to a diffusive character.

Figure 10.11a shows an example of concentration profiles that arise in such a

system when laminar flux regime is attained—turbulent flux, inducing uncontrolled

convection, has to be carefully avoided, by using well suitable experimental setups.

A good approximation in accounting for the mass transfer to/from the electrode

consists in assuming linear trends of the concentration both in the region closest to

the electrode, where the mass transfer is assumed to be diffusive (so-called

“Nernst’s layer”) and outside this layer, far enough from the electrode, where a

constant value is imposed by convection. The thickness of the diffusion layer (δ0),
actually computed by extrapolation of the linear trends in the above cited layers,

depends on the rotational speed, according to the equation:

δ0 ¼ 1:61D
1=3
O ν1=6ω�1=2 ð10:44Þ

where ν is the kinematic viscosity of the solution, expressed in cm2 s�1, ω the

angular velocity, in rad s�1 (¼2πf ) and δ0 is expressed in cm.

The equation of the current/potential curve closely resembles that of the analo-

gous, though not identical pattern, observed at an electrode with periodical renewal

of the diffusion layer. For a reversible uncomplicated charge transfer the current

intensity is proportional to the concentration of the electroactive species at any

potential values. Independently of the nature of the charge transfer, in correspon-

dence to the limiting (plateau) value, it is given by the Levich equation, which

furnishes the linear relationship of analytical significance between current intensity

density and concentration in solution:

iL ¼ �0:62nFD
2=3
O ν�1=6ω1=2Cb

O ð10:45Þ
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Technical/mechanical requirements are urgent, becoming more and more press-

ing as the rotational speed increases. The rod of insulating material embedding the

electrode disk should be aligned with the disk itself and its walls should be regularly

cylindrical in shape in order to avoid undesired vibration. Furthermore, the surface

of the disk, as well as of the surrounding insulating portion of the device, should be

very smooth: as above cited the regime of the flux has to be laminar, turbulent flow

creating unacceptable irregularity in convection. Usual rotational speeds are in the

range 100 to 10,000 rpm.

Fig. 10.11 (a)

Concentration profiles in

laminar flow regime; (b)

concentration profiles of the

electroactive species at

different rotational speed;

stagnant is intended with

respect to the rotating

electrode disk
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10.4.4 Linear Sweep and Cyclic Voltammetry

Linear sweep voltammetry (LSV), with the corresponding “reversal technique,”

cyclic voltammetry (CV), are definitely the most frequently used voltammetric

techniques. This is true when a qualitative approach to the study of the redox

characteristics of a solution is pursued, as well as when a quantitative study of

the electrode mechanism and even the evaluation of the relevant thermodynamic

and kinetic parameters are faced, and also when electroanalytical quantitative

information are sought. The potential waveforms for LSV and for CV, with the

relevant equations expressing the time dependence of E, are shown in Fig. 10.12.

The typical i vs. E LSV voltammetric curve for an uncomplicated charge transfer

consists of a peak-shaped curve (Fig. 10.13b). Such a trend of the current may be

Fig. 10.12 (a) LSV and (b) CV potential waveforms; v indicates the potential scan rate

Fig. 10.13 (a) Evolution, with potential increasing, of the concentration profiles of the

electroactive species; (b) voltammetric curve in LSV
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accounted for the occurrence of two counteracting phenomena acting on the

concentration gradient at the electrode. The increase of the applied potential causes,

on its own, an increase of the concentration gradient due to the decrease of

electroactive species concentration at the electrode, till the 0 value is reached. As

previously discussed, this is due to the requirement of the Nernst’s equation for

reversible processes or to the increase of the electrode charge transfer forward rate

for non-reversible ones. On the other hand, at increasing time, expansion of the

diffusion layer occurs that, on its own, leads to a decrease of the gradient. The

former effect prevails till a given potential (relative maximum in the i vs. E curve,

i.e., the peak potential, Ep), while the latter effect prevails beyond that point.

A typical LSV curve, together with the relevant evolution of the concentration

profile of the electroactive species at different potentials of the sweep, for an

uncomplicated reversible charge transfer, is reported in Fig. 10.13.

For an uncomplicated (diffusion controlled) reversible charge transfer process,

the solution of the Fick’s II law differential equation system, with the appropriate

initial and boundary conditions, leads to the following relationships for the mean-

ingful quantities of the curve:

ip ¼ �0:4463nFCb
O

nFvDO

RgT

� 1=2

ð10:46Þ

where v is the potential sweep rate (¼∂E/∂t). Eq. (10.46) is the so-called Randles–
Sevčik equation that, at 25 �C, can be written as:

ip ¼ � 2:69� 105

 �

n3=2Cb
OD

1=2v1=2 ð10:47Þ

Ep ¼ E1=2 � 1:11
RgT

nF
¼ E1=2 �

28:5

n
mV, at 25�C ð10:48Þ

Ep � Ep=2

�� �� ¼ 2:2
RgT

nF
¼ 56:5

n
mV, at 25�C ð10:49Þ

For an uncomplicated totally irreversible charge transfer the solution of the

corresponding boundary value problem leads to:

ip ¼ �0:4954nFCb
O

αnaFvDO

RgT

� 1=2

ð10:50Þ

where the meaning of α, to a first approximation, may be identified with that of the

symmetry factor (β) and na is the number of electrons exchanged in the slowest step

of the charge transfer process, resulting equal to 1 in the very most part of cases:

Ep ¼ E0
0
� RgT

αnaFð Þ 0:780þ ln DObð Þ1=2 � ln ks,h

h i
ð10:51Þ
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where b ¼ /naFv
RgT

Ep � Ep
2

��� ��� ¼ � 47:7

/ nað ÞmV at 25�C ð10:52Þ

The solution of the boundary value problems for the different electrode mech-

anisms has been carried out by semi-numerical method and by a variety of finite

difference numerical techniques. The particular cases of the modified electrodes

represent a very complex issue. They require approaches that vary not only as a

function of the nature of the modifier, but also of the specific modification, since the

mathematics should accounts for the thickness and structure of it. Hence, the

problem to solve depends on the exact nature and peculiar experimental conditions

under which the modification has been created.

It should be evidenced that, in addition to the faradic component, not only the

background, but even the capacitive current should be taken into account. In LSV

and CV experiments the electrode potential, in fact, varies continuously, implying a

continuous change in the charge of the electrode/solution interface that induces the

flow of capacitive current: it is the higher the faster the change in charge, i.e., the

higher the potential scan rate.

Looking at the ip expressions for either reversible or totally irreversible charge

transfers, the analytically most meaningful datum lies in the linear dependence of

the current, in particular of the peak current, on the bulk concentration of the

analyte, at a fixed potential sweep rate.

On the other hand, the linear dependence of the (peak) current on the square root

of the potential scan rate constitutes a further notable feature of a diffusion

controlled process. It should be evidenced that increasing the scan rate requires

the charge transfer to be faster and faster in order to meet with the requirement of

equilibrium, as expressed by the Nernst’s law: a decreasing “apparent degree” of

the reversibility of the process may be observed, since the higher the scan rate the

more difficult the achievement of equilibrium. In other words, it may happen that a

process that leads to responses typical of a diffusion controlled, reversible charge

transfer, does not behave in the same way at high enough scan rates: it may appears

as a quasi-reversible charge transfer. It is hence clear that the reversibility degree, as

it appears from a given response, is a function also of the potential scan rate, so

much so that a “family” of processes with different intrinsic non-reversibility

degree may exhibit equal shape at different potential scan rates. All these processes

are characterized by equal value of the dimensionless parameter ψ , which depends

on the ratio between kh,s and v:

ψ ¼
DO

DR

� �/=2
kh, s

πDOnFv
RgT

h i1=2 ð10:53Þ

What happens in CV by reversing the potential scan direction in correspondence

to a suitably chosen switching potential, Eλ, strongly depends on the exact nature of

10 Controlled Potential Techniques in Amperometric Sensing 269



the operative mechanism, which makes CV such a powerful diagnostic technique.

If the product of the charge transfer only undergoes diffusion away from the

electrode, a backward current peak is recorded, characterized by net current flow

in the opposite direction. An anodic current peak is recorded, relative to reoxidation

of R species, previously formed by reduction of O species in the forward potential

scan. The height of this peak should be computed by properly taking into account

for the background; the following semi-empirical relationship (see Fig. 10.14 for

the meaning of the quantities) is suitable to this purpose:

ip,b
ip, f

¼ ip,b

 �

0

ip, f
þ 0:485iλ

ip, f
þ 0:086 ð10:54Þ

The typical characteristic features of the forward/backward peak system for an

uncomplicated reversible charge transfer are given by:

Ep,b � Ep, f ¼ 57=nmV at 25�C ð10:55Þ
ip,b=ip, f
�� �� ¼ 1 ð10:56Þ

E1=2, r ¼ Ep, f þ Ep,b


 �
=2 ð10:57Þ

The symmetry of the response, as expressed by the two last expressions above, is

also valid for a quasi-reversible charge transfer when αna¼ 0.5. On the other hand,

the characteristics of the responses relative to quasi-reversible charge transfers are

intermediate between those of fully reversible and irreversible charge transfers.

In Fig. 10.14 a typical CV response is shown.

Fig. 10.14 Cyclic

voltammogram of a

reversible uncomplicated

charge transfer process
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As a reversal technique, CV may allow an estimate of the thermodynamic

quantity E� even in those cases in which the oxidized or the reduced partner of

the O/R redox couple is unstable, i.e., when, once formed by reduction or oxidation

of the stable starting partner present in solution, the product (rapidly) decays by a

chemical reaction. CV tests at increasing potential scan rates give the species lesser

and lesser time to decay. It may well happen that, at high enough rates, a unity value

is reached by the backward to forward peak height ratio, so that E1/2,r, excellent

experimental approximation to E�, can be computed by Eq. (10.57).

On the other hand, if the charge transfer is totally irreversible, the starting

species cannot be regenerated via an opposite electrode charge transfer, so that no

faradic current flows once reversing the potential scan direction.

Figure 10.15 reports theoretical CV responses for different Ψ values, the highest

value identifying a reversible charge transfer. As already noticed, according to

Eq. (10.53), the transition to a lower Ψ value may occur either for different systems,

for a decrease of the intrinsic reversibility degree of the charge transfer or, for a

given process, as the consequence of the increase of the potential scan rate.

Attention should be paid to peak broadening due to uncompensated ohmic drop

between WE and RE. It may cause an effect seemingly coincident with a quasi-

reversible character of the charge transfer. The current, hence the iRu term,

increases at increasing the potential scan rates, which contributes to mimic the

increase of the apparent irreversibility degree of the process. It is interesting to

notice that the effect of iRu lies in an actual E applied that results lower, to an iRu

extent, with respect to that measured by the voltmeter: the i vs. E response is spread

out over a wider potential range, which means peaks broadening.

More complex mechanisms can be suitably studied by LSV and CV tests. We

address the interested reader to specific textbooks, or original articles indicated

therein, suggested at the end of this chapter.

Fig. 10.15 Effect of the

dimensionless parameter Ψ
on CV responses; α¼ 0.5
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10.4.5 Pulse Techniques

Pulse techniques typically derive from polarography, i.e., voltammetry with Hg

electrode. Since we choose not to discuss such a polarographic technique, we limit

our exam to the evolution of pulse techniques applied to different electrodes. The

term “pulse” indicates that the current responses exploit the application to the

electrode of a (short) potential impulse. The obvious presence of capacitive currents

at the first milliseconds of each pulse constitutes a feature common to any pulse

techniques. This is a point that should be kept in mind when going through the

operative conditions for similar wave forms.

Potential step techniques, e.g., using a staircase wave form, such as the so-called

Barker staircase voltammetry have been proposed more than 40 years ago as

sensitive tools in respect to electroanalytical techniques involving continuously

varying potential. The most distinctive feature of these techniques lies in the fact

that, since the double layer charge varies only in a very short time length after any

change of the applied potential, a purely faradic current can be easily sampled. The

samplings occur just before each potential change; the step duration is as short as

possible, compatible with the minimization of the capacitive current.

10.4.5.1 Differential Pulse Voltammetry (DPV)

It has been already emphasized that, in the case of all amperometric techniques, the

overall current flowing is given by the sum of three components: the faradic, the

capacitive, and the background ones. On the other hand, as already evidenced, but

necessarily underlined here, in voltammetric studies the capacitive and background

components “pollute” the information brought by the faradic current which is the

only one of interest in electroanalytical, as well as in mechanistic studies. In other

words, ic and ib tend to hide the useful information brought by iF. The aim of the

pulse techniques and, specifically, of the differential pulse voltammetry (DPV), is

to minimize the contribution of both ic and ib to the measured signal. The potential

waveform typical of DPV is reported in Fig. 10.16: a potential pulse of short

duration is applied after that the electrode has been hold for a much longer time

at a potential at which the charge transfer occurs at a lower rate. In the case of dme

the drop falls at the end of the pulse.

This technique, in fact, was first proposed for the dme. The necessity to apply the

potential step at an approximately constant, wide enough surface area requires long

enough times for the drop to grow, since the constant flux of Hg from the capillary

causes a constant increase of the volume and a lower and lower increment of the

surface area. The “dropping Hg” origin of the technique is seemingly the “cause” of

the asymmetry in the periodic wave. However, DPV survives, and well, also when

using solid electrodes, with respect to the square wave voltammetry (SWV) that

will be discussed in the following section, in which the asymmetry of the wave is

removed. As it is suggested from Fig. 10.16, the DPV response consists of a
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difference of currents plotted against the potential, namely the mean value between

the potentials at which the two currents are sampled. The first current value is taken

just before the application of the impulse and the second one just before the end of

the impulse, which is long enough to allow the charging current to become

negligible. The duration of the impulse (pulse width), tp in Eq. (10.58), is anyway

not higher than 100 ms, in order not to imply decrease of sensitivity. Additional

parameters to set are: “potential impulse” (ΔEi), typically of 5–50 mV; “potential

step,” i.e., the potential difference between two subsequent periods, principally

conditioning the time necessary to perform the experiment and the density of data

on the potential axis; “rest time,” i.e., the time spent at the lower potential of a given

period, typically from 0.5 to few seconds. The difference between the two sampled

currents maximizes the “cleaning up” of the signal from capacitive and background

components, enhancing the weight of the pure faradic one. The residual small

charging current still flowing at the sampling point in the impulse, in fact, is not

significantly different from that just before the application of the impulse. The same

consideration holds for the background currents, due to the proximity (5–50 mV) of

the two potentials. On the other hand, in correspondence to a faradic current

increase, i.e., to the actual signal, this component does significantly change. This

implies that the difference between the two overall currents minimizes the contri-

bution of the charging and background “noise” with respect to the informative

faradic contribution. The faradic component is hence evidenced by the difference,

similarly to what a derivative operator does. It is noteworthy that the look of the

DPV curve is quite similar to that of a first derivative of the corresponding S-shaped

voltammetric curve, e.g., obtained by a RDE or by an electrode with periodical

renewal of the diffusion layer or even by dme polarographic curve. It is actually

different in respect to the underlying equation describing it, due to the difference in

the waveform and, correspondingly, to the physical phenomena occurring.

The value of the waveform parameters are conditioned by the choice addressed

to privilege either sensitivity (higher potential step value) or resolution (lower

Fig. 10.16 Potential waveform for DPV [adapted from Bard AJ, Faulkner LR (2001)]
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potential step value). Multivariate optimization of the parameter constitutes effec-

tive approach, once the response typical quantities to optimize are suitably defined.

The resulting response, in terms of Δi vs. E, presents a relative maximum of

height expressed by:

Δip ¼ � nFD
1=2
O C�

O

π1=2t1=2p

1� σ

1þ σ

� 
ð10:58Þ

where

σ ¼ exp
�nFΔEi

2RgT
ð10:59Þ

The value of Δip is linearly dependent on the concentration of the analyte in

solution. The corresponding peak potential is given by the expression:

Ep ¼ E1=2, r � ΔEi

2
ð10:60Þ

for a sweep towards negative potentials, i.e., ΔEi< 0.

Figure 10.17 reports an example of DPV in the determination of five analytes

immobilized on a glassy carbon electrode; the high resolution power of the tech-

nique is well evident from the very sharp peaks recorded.

Fig. 10.17 Differential pulse voltammogram recorded for the oxidation of the cations

methylviologen (a), Ru(NH3)6
2+ (b), α-metil ferrocene methanol (c), ferrocenylmethyltrimety-

lammonium (d), and Ru(bpy)3
2+ (e) immobilized at a glassy carbon electrode. Supporting elec-

trolyte 0.1 M phosphate buffer, pH 7. ΔEi 25 mV, scan rate 10 mV/s
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10.4.5.2 Square Wave Voltammetry (SWV)

SWV has found experimental applications in more recent times with respect to the

previously described voltammetric techniques. Figure 10.18 illustrates the relevant

waveform, which corresponds to a sequence of symmetrical square pulses at

progressively increasing potentials. It can be viewed as the superimposition of a

square wave and a staircase waveform, where the half-period of the square wave is

coincident with the step duration of the staircase. The current response is once more

given by a difference of two current values, i1 and i2, respectively, sampled

immediately before the end of two subsequent square wave half-periods. The

advantages sought are the same as those for DPV, consisting of an increased signal

to noise ratio, i.e., of enhancement of the faradic with respect to capacitive and

background currents. The following parameters account for the characteristics of

the waveform: Esw defines the amplitude (5 250 mV) of the square wave; f iden-
tifies the frequency (8 250 Hz), and τ is the period¼ 1/f. It follows that ΔEs/τ,
where ΔEs is the potential difference between two successive steps of the underly-

ing staircase, defines the “continuous” potential scan rate, which can typically reach

as high values as a few V s�1. ΔEs values typically vary from 1 to 40 mV.

A typical SWV response in terms of Δi is reported in Fig. 10.19. The same figure

also shows the plots of the individual i1 and i2 values, which may be however more

useful in studies of electrode mechanisms rather than in electroanalysis. For an

uncomplicated, reversible charge transfer:

Δip ¼ �nFπ�1=2D
1=2
O Δϕp f

1=2Cb
O ð10:61Þ

whereΔϕp is a dimensionless parameter that depends on the square wave amplitude

and on the step height of the underlying staircase. Noteworthy, the relative maxi-

mum of the current occurs at a potential corresponding to E1/2,r.

Fig. 10.18 SWV waveform and indication of the meaning of the relevant parameters
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In addition to the increase of sensitivity at increasing Esw and f, a remarkable

characteristic of SWV, of particular interest in electroanalysis, lies in the possibility

to use quite high potential variation rates. This implies the feasibility of a high

number of measurements in a short time, which allows one to follow an evolving

system or to perform analyses over a flux system at a high frequency. This

notwithstanding, SWV not always performs better than DPV, particularly in the

case of electrode modified by coatings that exhibit structural modifications, requir-

ing relaxation, at the potentials of two subsequent steps. Actually, SWV at high

frequency may present drawbacks also in the case of the common electrode

materials. The high frequency square wave, in fact, implies the presence of very

high frequencies in the potential applied to the WE: we are shifting from a direct

current technique to an alternating current one, which would actually require a

much more complex treatment of the resulting responses.

10.4.6 Stripping Techniques

A number of so-called “stripping techniques” have been proposed and effectively

developed in the “mercury era.” It has been already claimed in this chapter that,

luckily or not, it is over. . . Stripping techniques are nowadays barely applied to thin

Fig. 10.19 SWV difference response, together with forward and backward components, recorded

at a glassy carbon electrode in 1� 10�4 M, [Fe(CN)6]
4� 0.05 M KNO3 solution; ESW¼ 25 mV,

f¼ 25 Hz, ΔEs¼ 2 mV. The forward response corresponds to an anodic process
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Hg film electrodes and, much more frequently, to bare or to modified electrodes. Hg

thin film electrodes can be differently prepared. Typically, either by reduction of

Hg salts onto a bare electrode, or simply by dipping a Au electrode in Hg, so that a

layer of Hg–Au amalgam forms, on which pure Hg adheres. On the other hand,

other elements are proposed to substitute Hg, such as in the bismuth film electrodes,

as well as other modified electrodes where stripping techniques can be successfully

applied. Similar electrode materials will be discussed in Chap. 16. Different

stripping techniques have been formulated for determination of species of various

natures.

10.4.6.1 Anodic Stripping Voltammetry (ASV)

ASV is the most widely diffused stripping technique, resulting most effective in the

determination of metals, in particular of “heavy metals.”

The technique consists in reducing the cation or the mixture of different cations

to the zero valence state, either to form amalgam with Hg or to deposit them onto

the solid metal electrode surface. The deposition occurs under precisely controlled

experimental conditions, activating carefully controlled stirring of the solution for

an exactly measured time length. The geometry of the cell (see Fig. 10.4 as an

example) should be suitable to allow for best control of stirring, hence of hydro-

dynamics of the experiment. After this first step, occurring at a negative enough

potential, a sweep to more positive values leads to reoxidation and re-dissolution of

the metals to the relevant cations. The waveform used may be simply a Linear

Sweep or, for better sensitivity, a Differential Pulse or a Square Wave potential

excitation. The determination of the concentration occurs via the traditional

methods, based on the use of a calibration curve or by standard additions.

Figure 10.20a sketches the two steps constituting the anodic stripping procedure:

the preconcentration/deposition step and the oxidation/dissolution one, respec-

tively. Figure 10.20b presents a typical ASV response, where three metals, Zn,

Cd and Cu, are contemporary determined.

10.4.6.2 Cathodic Stripping Voltammetry (CSV)

Similarly to ASV, the analysis by CSV consists of two stages, the preconcentration

and stripping steps, respectively. For example, for the analysis of the anion An� at a

Hg film electrode, these steps can be schematically written as:

An- þ nHg ! HgnAð Þe þ ne- pre-concentration step

HgnAð Þe þ ne- ! An- þ nHg stripping step

The (HgnAn)e species is on the electrode, i.e., insoluble in the solution phase.

The amount of precipitate onto the electrode is proportional to the An� concentra-

tion in solution and determines the current intensity of the response due to the
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reduction involved in the stripping step. By proper calibration, the peak current

gives the value of An� concentration in solution. Similar conditions as for ASV

should be respected for both steps, except for the obvious difference that the first

step occurs by polarization at positive potentials and the subsequent potential scan

is toward more negative values.

Fig. 10.20 (a) Scheme of the anodic stripping procedure and (b) relevant differential pulse

voltammogram recorded at a Hg electrode for the anodic stripping of 0.1 mM Zn (A), 0.1 mM

Cd (B), and 1 mM Cu (C), in 0.1 M KNO3. Experimental parameters: reduction time: 30 s,

potential scan from �1.3 to 0 V, ΔEi: 25 mV; potential scan rate: 10 mV/s

278 L.M. Moretto and R. Seeber



10.4.6.3 Adsorptive Stripping Voltammetry (AdSV)

In general, AdSV exploits the accumulation of electroactive species at the electrode

by adsorption on the surface. The direct adsorption can be selective, or may occur in

charge of an adduct between the analyte and a species deliberately added to the

solution. An interesting application of similar stripping technique deals with the

analysis of trace elements. A simple procedure is adopted in which, similarly to the

other stripping techniques, a first step consists in the analyte preconcentration at the

electrode. In the simplest general case, adsorption of the analyte onto the electrode

surface occurs. In the case of metal ions, the addition of a suitable ligand to the

solution causes adsorption of the relevant complex, by following such a procedure,

AdSV opens the possibility of the application of stripping techniques to the determi-

nation of a wide series of metals. Of particular interest are those metals that cannot be

determined directly or by preconcentration of the ion itself, due to the occurrence of

irreversible electrode reactions or lack of amalgam formation at mercury film elec-

trodes, respectively. Similar metals are, for example, cobalt, nickel, chromium,

antimony. The presence in solution of a ligand or a set of ligands is required that,

in presence of themetal ion analyte, form a sparingly soluble complex that adsorbs on

the electrode in the preconcentration step. The subsequent scan, typically to negative

potential values, exploits the reduction of the complex that usually dissociates into

the ligand and the metal in lower oxidation state. The response is directly related to

the surface concentration of the complex through an adsorption isotherm that pro-

vides the relationship between the surface and bulk concentrations. The steps for the

AdSV analysis of a metal Mn+ that forms a complex with a ligand L can be

schematically represented as:

Mnþ þ mL ! MLn acqð Þ
MLn acqð Þ Ð MLn adsð Þ preconcentration step

MLn adsð Þ þ xe- ! M n-xð Þþ þ mL stripping step

10.4.6.4 Potentiometric Stripping Analysis (PSA)

PSA is relatively scarcely diffused, but offers an excellent option in the analysis in

complex matrices, as it can be the case of environmental samples. PSA is similar to

ASV, but differs in the way how the deposited metals are stripped from the

electrode. After the preconcentration step at a controlled potential, the

potentiostatic control is disconnected and the metal is reoxidized by an oxidizing

agent present in solution, such as Hg(II) or oxygen, or by the application of a

constant anodic current to the electrode. The potential spontaneously assumed by

the indicator electrode—WE in the previous step—is monitored as a function of

time. The experimental conditions are set in a way that the rate of reoxidation of the

metal is constant during the stripping process and is determined either by the

constant anodic current imposed or by the diffusion of the oxidant from the solution

to the electrode surface. In the latter case, the mass transport of the oxidant is
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facilitated by stirring the solution. When the oxidation potential of a given metal is

reached by the electrode, the potential variation slows down, and a sharp time step

at a constant potential, due to the depletion of that metal from the electrode, is

recorded. The distance between two consecutive flex points in the potential vs. time

curve, the so-called “stripping time,” is directly proportional to the metal concen-

tration in solution, while the potential of the flex coincides with the formal redox

potential that characterizes the nature of the metal. A careful calibration procedure

ascribes high performance to the technique.

A main advantage of PSA lies in the use of non de-aerated samples, and in a low

susceptibility to interfering effects, since the potential corresponding to the time

transition represents a highly selective parameter.

10.4.7 Electrolysis: Coulometry

When dealing with all the previously described techniques, we emphasized that the

small electrode area implies the flow of a low current intensity; hence, such a small

electric charge is spent that a negligible variation in the solution composition

occurs. This is the reason why, in this respect, voltammetric techniques may be

compared to the spectroscopic ones. On the contrary, to a number of different

purposes, reduction or oxidation of a significant amount of the electroactive spe-

cies, i.e., of the analyte, may constitute the goal of the electroanalytical operation.

Not considering the case of electrolysis carried out to massive, even industrial

preparative purposes, the nature of the final products of an electrode process

occurring at a given fixed potential may be a prerequisite to an analytical procedure.

Two fundamental quantities relative to the analyte under exam may be determined

by exhaustive coulometry: once the concentration is known, the overall number of

electrons involved in the electrode process is computed, and vice versa. The

Faraday’s law links the charge spent to both these quantities. The end of the

electrolysis can be established when the background current is reached, as com-

puted in independent tests under the same experimental conditions, but in absence

of the analyte. Voltammetric curves recorded at different stages of the electrolysis

allow one to monitor its occurrence, depending on the operative electrode mecha-

nism. To this purpose, let’s recall what mentioned in respect to the adequacy of

voltammetry with periodical renewal of the diffusion layer or voltammetry at RDE

and to inadequacy of CV. At whatever starting potential, this last technique, in fact,

changes the ratio of oxidized to reduced species concentrations close to the

electrode.

It is evident that experimental conditions deeply different from those of the

voltammetric techniques should be adopted in more or less exhaustive electrolysis.

In particular, obvious advantages derive from the use of large area WEs, which

leads to high currents, i.e., to high values of charge spent in a given time, hence to

shorter times required in order to complete the test, and hence to minimized
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undesired parallel events. For the same reason, the solution is stirred to speed up the

mass transfer, activating convection.

On the other hand, in parallel to the finite quantities of transformed species atWE,

e.g., by reduction, a corresponding amount of species is transformed, by oxidation, at

AE. Mixing of the products of the two electrode process should be prevented from

occurring, since they can react with each other in solution or, in turn, undergo

oxidation at WE and reduction at AE, respectively. A separation of the solutions in

which WE and AE are located is necessary to prevent mixing, though allowing

transfer of ions, usually of the supporting electrolyte, in order to keep the inner circuit

of the electrolysis cell closed. A septum of suitable porosity is usually employed, in

the frame of a so-called H-shaped cell (see an example in Fig. 10.21). RE is also often

separated from WE by a porous disk, in order to avoid reciprocal pollution.
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Chapter 11

Biosensors on Enzymes, Tissues, and Cells

Xuefei Guo, Julia Kuhlmann, and William R. Heineman

11.1 Overview of Biosensors

The first electrochemical biosensor for glucose was developed by Leland C. Clark

in 1962. This enzymatic biosensor for glucose had glucose oxidase immobilized on

the surface of an amperometric oxygen electrode and directly quantified the con-

centration of glucose in a sample. Driven by its huge success, fundamental and

applied research has greatly expanded the concept of a biosensor since then. Today,

biosensors are widely used in biomedical, industrial, and environmental analysis.

According to IUPAC, a biosensor is “a device that uses specific biochemical
reactions mediated by isolated enzymes, immunosystems, tissues, organelles or
whole cells to detect chemical compounds usually by electrical, thermal or optical
signals.” An electrochemical biosensor is a biosensor with electrochemistry as the

transducer, including current, potential, conductivity, and impedance. Electrochem-

ical biosensors offer accuracy, precision, sensitivity, selectivity, rapidity, portabil-

ity, and ease of operation for on-site environmental analysis without sample

preparation. Thus, electrochemical biosensors are considered to be a promising

sensing tool, which complements traditional analytical techniques such as gas and

liquid chromatography.

There are three main functional steps of an electrochemical biosensor, as

illustrated in Fig. 11.1. The first step is the molecular recognition, which is ideally

specific to the target analyte. The second step is the signal transduction: the

conversion of the molecular interaction into a measurable electrical signal, such

as current, potential, or conductivity. The final step of the sensing procedure is

converting the measured signal into a readable output.

Numerous biosensors based on enzymes have been developed due to the success

of the enzymatic biosensor for glucose. Research on enzyme-based biosensors
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focuses on choice of enzymes, immobilization, electrochemistry, and sensor con-

figurations. In addition to purified enzymes, many researchers have also used whole

cells and tissue slices as recognition elements. The types of cells used include

eukaryotes (e.g., epithelial cells) as well as prokaryotes (e.g., E. coli). In addition to
that, some researchers even have used whole-tissue slices. There are many envi-

ronmental applications for these types of sensors, ranging from the detection of

organic compounds like pesticides to inorganic analytes like heavy metals. There

are several excellent reviews addressing different aspects of electrochemical bio-

sensors for environmental applications.1–8 This section covers the principles and

research of electrochemical biosensors based on enzymes, cells, and tissues during

the recent 10 years.

11.2 Immobilization of Bioelements

One key step in the development of biosensors is the stable immobilization of the

biological component onto the surface of the working electrode. This process

strongly affects the performance of the biosensor in terms of sensitivity, selectivity,

stability, response time, and reproducibility.8 The immobilization methods that are

generally employed include physical adsorption at a solid surface, covalent binding,

electrostatic force, and entrapment within a membrane, surfactant matrix, polymer,

or microcapsule (Fig. 11.2). Each immobilization method has advantages and

drawbacks. Adsorption and electrostatic attraction are simple techniques with

limited loss of enzyme activity. However, they suffer from weak interaction and

desorption of the enzyme resulting from changes including temperature, pH, and

ionic strength. Another drawback is nonspecific adsorption of other proteins or

substances, which competes with enzyme adsorption. Covalent linking is a tech-

nique that offers high stability, but often shows high loss of enzyme activity.

Enzymes are bound onto the transducer surface or onto a thin membrane fixed

onto the transducer, which can either be an inorganic material (e.g., controlled

pore glass) or a natural (e.g., cellulose) or synthetic polymer (e.g., nylon).

Entrapment is the easiest approach to physically entrap several types of enzymes
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Enzymes 

Cells, 
tissues 

Antibody 

Etc. 
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Potential 
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Computers 

Etc.  
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Heavy 
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Fig. 11.1 Scheme for electrochemical biosensors
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in three-dimensional gels or polymers on the sensor surface. However, this method

requires high concentrations of monomers and enzymes.

Efforts have been focused on investigation of various immobilization techniques.

Self-assembled monolayer (SAM)9–11 and layer-by-layer (LBL) deposition12 have

been explored for enzymatic biosensors. In these immobilization techniques,

enzymes are randomly immobilized, which can lower enzyme activity. Thus,

research has been conducted to achieve oriented and site-specific immobilization of

biological recognition components. One of the strategies is to create affinity bonds

between an activated support and a specific group of the protein sequence. Electrode

surfaces have been modified by lectins, (strept)avidin, sugars, and metal chelates.

Correspondingly, affinity tags (carbohydrate residues, biotin, histidine, cysteine) are

present or genetically engineered at a specific location in the protein sequence

without affecting the activity or the folding of the proteins.5 Ivanov et al. have site-

specifically immobilized acetylcholine esterase (AChE) on a hybrid polymer mem-

brane with integrated multi-wall carbon nanotubes (MWCNTs).13

These strategies have been developed to immobilize cells and tissues on trans-

ducers in a way that allows maintaining long-term viability of the biocatalyst as

well as function of the biosensor through flow of nutrients and oxygen, diffusion of

analyte, and complete retention of the cells and tissues. While many immobilization

methods are focused on retaining the viability of the cells and tissues, it should also

be mentioned that non-live cells and tissues are used as well. In those cases, they

represent a mere source of biorecognition element and allow omission of the

extraction and purification steps before immobilization.14 The initial method of

immobilization used by Rechnitz et al.15,16 was the entrapment of cells and tissue

slices between two semipermeable membranes that were placed on top of the

transducer. Although this method has been widely used with various types of

membranes (e.g., Teflon, polycarbonate, cellulose),17–19 it can suffer from slow

response times,20,21 as the diffusion path through the membranes can be very long,

thus restricting mass transport. Other entrapment methods that have been developed

include the use of organic and inorganic polymers like gelatin,14,22–26 alginate,27,28

Fig. 11.2 Main immobilization methods for biosensors
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agar,29,30 polyvinyl alcohol (PVA),31 and sol-gels.32,33 Gelatin films were demon-

strated to have strong adhesion to biological tissues and are usually prepared by

mixing gelatin with cell suspension or tissue homogenates that are dispersed on the

working electrode or membrane covering the electrode, and then cross-linked with

glutaraldehyde (GA). The introduction of the cross-link into the gelatin makes these

films insoluble and therefore increases the number of potential applications.34 In

other studies, the gelatin-tissue homogenate was treated with sulfite to complex the

inherent enzyme (bioimprinting), which was then cross-linked to the membrane of a

Clark oxygen electrode. The addition of the bioimprinting step resulted in an

improved operational stability of the biosensor.14 One tactic to reduce the long

response times was the use of conductive polymers, which function as an entrap-

ment matrix as well as the transducer. In 2009 Jha et al.35 reported the use of

polystyrene sulfonate-polyaniline (PSS-PANI) conducting polymer to immobilize

lyophilized Brevibacterium ammoniagenes cells on platinum wire electrodes to

detect urea and achieve a response time of 3 min. Furthermore, they used

potentiostatic electropolymerization and suggested that this is one of the safest

techniques for immobilization of live cells because it is not as harsh as other

polymerization methods. A similar strategy was published by Shitanda et al.,36,37

who added MWCNTs to a mixture of Chlorella vulgaris cells and sodium alginate

solution, and screen-printed it on a screen-printed carbon electrode (SPCE) that was

used as an oxygen electrode. They reported that the addition of the MWCNTs

resulted in a two-times increase in current increment for the detection of water

toxicity through measuring the inhibition of photosynthetic oxygen evolution.

A very different approach to reduce the response time was done by Wang et al.38

who developed an adaption of a modified carbon paste electrode (MCPE), where

banana pulp was mixed with graphite powder and mineral oil to form a mixed

biocatalyst-carbon electrode. In this configuration the carbon electrode is both the

biocatalyst and the transducer, which has the advantage of a close proximity

between the catalyst and the sensing element as well as the lack of diffusion

layer. This method has since been widely used for immobilization of cells39–44

and other tissue homogenates.45–48

11.3 Biosensors Based on Enzymes

Enzymatic electrochemical biosensors are based on immobilized enzymes, whose

products can be electrochemically measured after degradation of the substrate at the

surface of the biosensor. Many different types of enzymatic biosensors have been

developed for environmental monitoring of pesticides, phenols, heavy metals,

nitrate, formaldehyde and sulfur oxide, etc. Commonly used enzymes include but

are not limited to organophosphorus hydrolase (OPH), AChE, butyrylcholi-

nesterase (BChE), horseradish peroxidase (HRP), tyrosinase (phenol oxidases),

nitrate reductase, nitrite reductase, formaldehyde dehydrogenase (FDH), and sulfite

oxidase (SO).
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11.3.1 Mechanisms

With the help of enzymes, electroactive products are generated or converted at the

surface of biosensors, and the concentration of electroactive products is directly or

indirectly (inhibition) related with target analyte concentration. Direct detection of

environment-related analytes by enzymatic biosensors is relatively straightforward.

For example, metalloenzyme OPH, which is able to cleave P–O, P–F, P–S, and P–

CN bonds, catalyzes the hydrolysis of a wide range of organophosphate

(OP) compounds, releasing an acid and an alcohol that can be detected by

potentiometry49 and amperometry50 (Fig. 11.3). In the case of fluorine-containing

organophosphates, OPH selectively hydrolyzes the P–F bond of fluorine and the

hydrolysis products change solution pH.51 Thus, direct, selective, rapid, and simple

determination of organophosphate pesticides has been achieved by integrating OPH

with electrochemical techniques.

Biosensors based on AChE and BChE employ a popular and sensitive detection

scheme that indirectly monitors pesticides based on pesticide inhibition of electro-

chemical signals. AChE preferentially hydrolyzes acetyl esters, such as acetylcho-

line (ACh), whereas BChE hydrolyzes butyrylcholine. Both enzymes convert

substrates to electroactive thiocholine and acids. Pesticides firmly bind to AChE

and BChE forming a stable complex that disables their enzymatic activity by

covalent binding with serine groups of the enzymes. The binding between enzymes

and pesticides hinders the enzymatic degradation of substrate such as ACh and

lowers the electrochemical signal. The change of electrochemical signal is thus

related with concentration of pesticides indirectly (Fig. 11.4). Amperometry has

been widely used to monitor the oxidation of thiocholine.52–60 The amperometric

detection of pesticides by indirectly inhibiting AChE generates very sharp, rapid,

and reproducible electric signals that are proportional to the thiocholine concentra-

tion. Potentiometry9, 61 and conductance62 have also been monitored due to gener-

ation of acetic acid.

Several other biosensors for pesticide and toxic metal monitoring are also based

on the inhibition of enzymes such as urease for heavy metals,63,64 tyrosinase for

benzoic acid, thiourea and 2-mercaptoethanol,65 alcohol dehydrogenase for cya-

nides and heavy metal salts, amino oxidase for plant growth regulators, aldehyde

dehydrogenase for fungicides, cytochrome c for cyanides, catalase for heavy

metals, and peroxidase for cyanides and heavy metals.66 Thus, biosensors based

on the inhibition of enzymes, suffer from false-positive results. Despite lack of

selectivity, this type of biosensor is powerful when rapid toxicity screening is

required.

Phenolic compounds have been detected by several types of enzymes including

tyrosinase, laccase, and HRP. Tyrosinase and laccase are the main two existing

forms of polyphenol oxidase (PPO). The reaction mechanism of PPO is different

from HRP. PPO is a copper-containing enzyme and is widely distributed through-

out microorganisms, plants, and animals. PPO first binds with oxygen and is then

reduced by phenolic compounds to highly reactive o-quinones.1 These reactions
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can be monitored by various kinds of electrochemical detection techniques such as

detection of oxygen consumption67 and direct reduction of generated o-quinone.68

On the other hand, immobilized HRP is oxidized by hydroperoxide and then

reduced by phenolic compounds at the electrode surface. The first reaction involves

a two-electron oxidation of the native peroxidase by H2O2 (or organic hydroperox-

ides). This reaction results in the formation of an intermediate, compound-I,

containing oxyferryl iron. In the next reaction, compound-I loses one oxidizing

equivalent upon one-electron reduction and forms compound-II. In the third step,

the enzyme is returned to its native resting state.69 For HRP-based biosensors, H2O2

concentration should be high enough to not limit the total reaction.70 Nevertheless,

the sensing schemes of phenolic compounds by tyrosinase, laccase, and HRP are

similar. With help from the enzyme, phenolic compounds are mainly converted into

quinones or free radical products, which are electroactive and can be electrochem-

ically reduced on the electrode surface. The current from reduction is proportional

to the concentration of phenolic compound in the solution.

It should be noted that tyrosinase can be inhibited by many different compounds

such as carbamate and dithiocarbamate pesticides, diuron, atrazines, desisopropy-

latrazine, chlorophenols, and thioureas.71 Based on this characteristic, tyrosinase

has been used to develop enzymatic biosensors for the detection of many pesticides

with a similar sensing mechanism with AChE and BChE (Fig. 11.4). Despite the

Fig. 11.3 Reaction and sensing scheme for OPH-catalyzed hydrolysis of organic organophos-

phorus. X is oxygen or sulfur; R is an alkoxy group; R0 is an alkoxy or phenyl group; and Z is a

phenoxy, a thio moiety, a cyanide, or a fluorine group

Fig. 11.4 Sensing scheme

of inhibition-based

biosensor for pesticides

with ACh as substrate
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poor specificity, biosensors for pesticides based on tyrosinase have higher tolerance

for organic solvents and have been operated with an organic phase.72

Nitrate reductases (NaR) with an iron–sulfur center are used for nitrate conver-

sion. Generally, nitrate is enzymatically reduced and NaR is in the oxidized form,

which can be electrochemically reduced. However, the direct electron transfer

between an enzyme and an electrode is strongly limited due to the fact that

(1) the distance between the electrode surface and the redox active site of the

enzyme, which is normally inside the globular protein, is large and (2) the orien-

tation of donor to acceptor sites depends on the method of the immobilization of the

enzyme at the electrode.73 Thus, low molar mass redox mediators including qui-

nones, metal complexes, ferricyanide, derivatives of ferrocene, and organic redox

dyes74 have been used to facilitate the electron transfer between electrode and

enzyme (Fig. 11.5).

Detecting formaldehyde by FDH shares a similar mechanism with the nitrate

biosensor. Formaldehyde diffuses into the liquid phase constraining FDH on the

surface of the electrode. FDH oxidizes formaldehyde to formic acid, while NAD+ is

reduced to NADH. The reaction is monitored by the oxidization of NADH using

electrochemical mediators including quinones. FDH from P. putida,75 NAD+-

and/or glutathione-dependent formaldehyde dehydrogenase,76 and dye-linked

formaldehyde dehydrogenase from H. zavarzinii strain ZV 580 have been used.77

The amperometric biosensor detects formaldehyde directly from the gas phase

without prior accumulation or sampling steps. The sensitivity of the formaldehyde

dehydrogenase biosensor is determined by the efficiency of the electron transfer

from the mediator to the working electrode.

Similarly, a biosensor for sulfur dioxide has been designed based on the enzyme

sulfite oxidase with cytochrome c as the electron acceptor.78 Initially, sulfur

dioxide, which is present in the gas phase, dissolves in the thin buffer layer that

covers the surface of the biosensor where it is converted to sulfite ions. When sulfite

is oxidized to sulfate, the active sites in the enzyme are reduced. The reduced form

is then oxidized by cytochrome c. The reduced form of cytochrome c is monitored

by electrochemical methods leading to the analytical signal.

Biosensors based on single-type enzymes usually lack specificity and stability.

For example, the presence of a high concentration of H2O2 causes inhibition of

HRP. Moreover, H2O2 is unstable in solution. To improve the detection of enzy-

matic biosensors, multienzyme systems have been developed.79 OPH has also been

combined with the inhibited AChE strategy to produce a multienzyme biosensor

with the unique ability to monitor pesticide mixtures and discriminate between

Fig. 11.5 Sensing scheme

for nitrate biosensor with

nitrate reductase (NaR) and

mediator
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different pesticide classes.80 OPH and HRP have been combined for sensitive

detection of dichlofenthion.81 To solve poor specificity of AChE and BChE, genetic

engineering of cholinesterase enzymes has been studied to obtain more specific

enzymes.82

11.3.2 Environmental Applications

Various enzymatic biosensors have been developed and used for environmental

monitoring. Pesticides are the most abundant pollutants present in water, atmo-

sphere, soil, plants, and food. Indirect inhibition biosensors based on AChE and

BChE for pesticides are highly sensitive and responsive to pesticides at the ppb

level.54,58,83–85 Some literature reports limits of detection (LOD) down to

10�13 M.86,87 Besides sensitivity, another advantage of this system lies in the ability

to work with small amounts or volumes of samples, protecting the operator’s health.

However, since AChE is inhibited by neurotoxins, which include not only OP

pesticides but also carbamate pesticides and many other compounds, these analyt-

ical tools are not selective and cannot be used for quantification of either an

individual or a class of pesticides. For example, heavy metals and arsenic have

been detected63,64,82,88–90 using the inhibition mode with poor selectivity. However,

sensors based on inhibition are suitable as screening tools for providing a rapid

response and signaling the existence of contaminated samples. Besides poor selec-

tivity, this system suffers from irreversible response, and a multistep protocol

(involving a substrate addition and incubation). To solve this problem, enzymes

have been immobilized onto cheap disposable supports such as screen-printed

electrodes.52,58,61,83,91,92

Direct, sensitive, selective, and rapid biosensors have been developed based on

OPH, organophosphorus acid hydrolase (OPAA), and parathion hydrolase (PH).93

Schöning and co-workers developed a silicon-based capacitive field-effect pH

sensor, which can detect 2 μM of paraoxon.94 The same group prepared ampero-

metric and potentiometric biosensor chips by thin-film techniques and integrated

them in a flow-injection analysis (FIA) system, which can detect different OP

pesticides at the low μM concentration range.95 Recently, mesoporous carbon and

carbon black-modified electrodes have been used to develop an amperometric

biosensor based on OPH. With increased sensitivity, the biosensor can detect as

low as 0.12 μM (36 ppb) paraoxon.96

Sensitive detection of other pollutants is achieved by various enzymatic bio-

sensors. Integration of tyrosinase and redox polymers assures efficient catechol

recycling between the enzyme and the polymer-bound redox sites leading to a

detection limit of 10 nM for catechol.97 Nitrate biosensors based on NaR usually

employ a cofactor or mediator, such as NADH and Azure A, by either adding to the

measurement solution or immobilizing.98,99 Based on this sensing mechanism,

nitrate biosensors can detect as low as 0.2 μM.100 The nitrate biosensor from the
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Nitrate Elimination Company, Inc. (NECi) is one of those commercially available

biosensors for environmental applications. However, dissolved oxygen is still a

concern for cathodic reduction of nitrate and efforts have been made to reduce

interference from oxygen reduction for nitrate biosensors.101 An electrochemical

biosensor based on FDH can detect formaldehyde directly from the gas

phase without prior accumulation and sampling steps with a sensitivity of

0.39 μA/ppm.77 Formaldehyde can also be oxidized by alcohol oxidase (AOX)

and a continuous fluidized bed bioreactor has been designed to enable an effective

bioconversion of formaldehyde in air.102

11.3.3 Trends

Nanotechnology, miniaturization, and especially biotechnology are growing areas

that will lead to new biosensing strategies. Nanomaterials including conducting

polymer nanowires, carbon nanotubes, and nanoparticles have been incorporated

into the design of biosensors constituting an exciting and recent approach to

improve the performance of biosensors. Carbon nanotubes (CNTs) have excellent

electrical, mechanical, and structural properties and can enhance the electron

transfer of biomolecules.58,87,103–105 It has been demonstrated that single-walled

carbon nanotubes (SWCNTs) can enhance the stability of enzymatic biosen-

sors.106 Metal nanoparticles can enhance the electron transfer between the

redox center in proteins and an electrode surface53–55 and show promise for

detection of enzyme inhibitors. AChE has been immobilized in graphene

nanocomposites107 and encapsulated in liposomes.59 Vastarella and co-workers

combined formaldehyde dehydrogenase and CdS nanocrystals.108 An ampero-

metric biosensor for the highly selective and sensitive determination of methyl

parathion (MP) was developed by coupling OPH-loaded quantum dots to

CNT/Au nanoparticles (NPs).109 By dual-signal amplification (large amount of

enzymes and synergistic effect of NPs towards enzymatic catalysis), an LOD

of 1 ng/mL was achieved. Since sensors based on inhibition suffer from irrevers-

ible response, and a multistep protocol, enzymes have been immobilized onto

screen-printed electrodes.52,58,61,83,91,92 Table 11.1 is a representative summary of

enzyme-based electrochemical biosensors for pesticides and phenols reported in

the past 10 years.

11.4 Biosensors Based on Cells and Tissues

While enzymatic biosensors have gained increasing popularity over the past

decades, researchers also focused on the development of whole cell- and tissue-

based biosensors. One of the first studies that reported the use of living cells

as biocatalytic elements for biosensors was published in 1978 by G.A. Rechnitz
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et al.15 They reported the development of a sensor for L-glutamine through entrap-

ment of Sarcina flava cells between two membranes mounted on a potentiometric

ammonia gas electrode. The biosensor used the inherent glutaminases of the

bacterial cells and exhibited excellent sensitivity for L-glutamine over other

amino acids in solution with an effective lifetime of over 2 weeks. This exceeded

the performance of an enzymatic biosensor for glutamine using immobilized

glutaminase III,135 which had an effective lifetime of only 12 h. One year later,

they showed that slices of porcine kidney tissue could also be used as a biocatalytic

layer to detect L-glutamine and likewise exhibited improved stability compared to a

biosensor based on the purified enzyme.16 While those biosensors were developed

to detect L-glutamine, these two studies laid the groundwork for the development of

whole cell- and tissue-based biosensors for many applications (e.g., environmental,

biological, pharmaceutical). These biosensor concepts have since been applied to a

variety of important analytes using cells and tissues from almost any biological

kingdom (e.g., Animalia, Plantae, Fungi) and with different electrochemical trans-

ducers (e.g., amperometry, potentiometry, voltammetry). In general, they can be

divided into constitutive and inducible systems, where constitutive systems show a

decrease in signal intensity with increasing analyte concentration, while inducible

systems show an increase. The main drawback of constitutive systems is the

potential for false-positive results, as a decrease in signal could also be due to

issues with the cells or tissues slices.136 Furthermore, these biosensors can be

subdivided into biocatalysts, where an analyte induces a certain chemical change

after it has been recognized and bound, and affinity-based systems, which are

non-catalytic and in which the binding is usually irreversible.137

One of the reasons for the increased interest in these biosensors is the afore-

mentioned higher catalytic stability of cell- and tissue-based biosensors as com-

pared to enzymatic biosensors. When whole cells and tissue slices are used, the

inherent enzymes remain in their native environment, which contains necessary

cofactors and reactants that support their function and stability. On the other hand

purified enzymes used for enzymatic biosensors can easily lose their activity, since

they are lacking this necessary environment. Biosensors based on cells and tissues

are generally much cheaper and easier to prepare, since no additional and usually

costly extraction and purification of the enzyme are necessary. Although the

sensitivity of cell and tissue sensors has been lower than that of enzymatic sen-

sors,138,139 some more recent studies suggested that these biosensors could exhibit

higher sensitivities as they exploit the whole subcellular machinery of living cells,

which could amplify a response to an analyte through signaling cascades.140

One of the drawbacks of these biosensors can be the lack of selectivity as the

cells and tissues contain a variety of different enzymes and thus may respond to

multiple analytes simultaneously. This downside could be overcome by incubation

with inhibitors or inducers that selectively cancel or select certain enzymatic

functions. Another problem could be the lack of recognition element within avail-

able and practical cells or tissues to detect a certain analyte. However, with the

development of recombinant methods, researchers have been able to genetically

engineer bacterial cells to introduce specific enzymatic functions to an

11 Biosensors on Enzymes, Tissues, and Cells 295



organism.141,142 This has the added benefit that bacterial or yeast cells are usually

more stable, can withstand the often harsh immobilization methods, and can be

stored for longer time periods than other cell or tissue types, thus making the

biosensor more stable.

When constructing biosensors from cells and tissues there can be several factors

that can affect the performance of the sensor. The amount of cells immobilized, the

type of membrane used, the degree of polymerization, and the amount of cross-

linking agent can also influence the performance of the biosensor. Additionally, the

pH, composition, and temperature of the solution tested can influence the biosensor

performance dramatically. Even small changes in pH can reduce the enzymatic

activity, which is often a function of pH, or even irreversibly destroy the cells or

tissues. Furthermore, the composition of the solution is important as certain com-

pounds could inhibit the enzymatic function.

While most biosensors use pure cell cultures or tissues, some biosensor appli-

cations use cells that are not purified. One example would be the use of aerobic

return-activated sludge from waste waters as a source for sulfur-oxidizing bacteria

(SOB). The SOB can attach to elemental sulfur, which collects in an electrochem-

ical flow cell, as it is very insoluble, and use it as an energy source for carbon

fixation by producing sulfuric acid in the presence of oxygen. The pH and the

conductivity of the effluent are monitored continuously and once they are constant,

the system is stable for at least 30 days and can be used to detect toxic substances

like endocrine-disrupting compounds (EDCs),143 heavy metals,144,145 or oxidized

contaminants.146 When the SOB are exposed to toxic compounds, the sulfur

oxidation is inhibited and the pH of the effluent increases while the conductivity

decreases, thus indicating water toxicity. Similarly to this approach, some studies

use mediator-less microbial fuel cells (MFC) inoculated with activated return

sludge to measure the biochemical oxygen demand (BOD) as an indicator for

organic matter.147–149 In these studies the bacterial cells grew inside the MFC as

biofilms. Table 11.2 is a representative summary of cell- and tissue-based electro-

chemical biosensors for environmental monitoring reported in the past 10 years.

11.5 Conclusions and Outlook

Biosensors based on enzymes have high sensitivity and selectivity. A variety of

microbial biosensors have also been developed. However, it still remains a great

challenge to develop a rapid, inexpensive but sensitive method for real samples.

Compared to enzymatic biosensors, development of a highly satisfactory microbial

biosensor is still hampered because they suffer from long response time, low

sensitivity, and poor selectivity. The trends for the development of biosensors lie

in miniaturization of the devices, nanotechnology, and biotechnology. Disposable

screen-printed sensors have been developed for industrial wastes or natural

water.52,58,61,83,91,92 Metal nanoparticles can enhance the electron transfer between

redox center in proteins and electrode surface53–55 and show promise for detection
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of enzyme inhibitors. With a better understanding of the genetic information of

microbes, more specific enzymes and proteins have been expressed on the cell

surface. In this format, the microbes can serve as an enzyme support matrix and

faster response and highly sensitive biosensors can be developed.
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43. Yüce M, Nazir H, Dönmez G (2010) Using of Rhizopus arrhizus as a sensor modifying

component for determination of Pb(II) in aqueous media by voltammetry. Bioresour Technol

101(19):7551–7555. doi:10.1016/j.biortech.2010.04.099
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Chapter 12

DNA Biosensors

Filiz Kuralay and Arzum Erdem

12.1 Introduction

Deoxyribonucleic acid (DNA) is the largest, well-defined, and naturally occurring

molecule that may be considered as the most important molecule of life.1,2 It

encodes heritage information and instructs the biological synthesis of proteins

and enzymes through the process of replication and transcription of genetic infor-

mation in living organisms and many viruses. The genetic information is encoded

as a sequence of nucleotides named as guanine (G), adenine (A), thymine (T), and

cytosine (C). It is important to understand the structural properties of DNA, the

origin of some diseases, the mutation of genes, and the action mechanism of some

antitumor and antivirus drugs to design new and more efficient DNA-targeted

drugs. Furthermore, the detection of DNA sequences is of widespread interest in

many fields including clinical, forensic, pharmaceutical, and environmental studies

(pollution, pathogen classification, etc.), bioterrorism, and food applications.3–6

The classical methods on DNA detection are time-consuming and labor-

intensive.7–9 However, wide-scale genetic testing requires the development of

fast, inexpensive, and sensitive miniaturized devices. Thus, biosensors offer a

promising alternative for faster, cheaper, and simpler detection protocols for nucleic

acid analysis. These biosensors commonly rely on the immobilization of double-

stranded DNA (dsDNA), single-stranded DNA (ssDNA), or an oligonucleotide
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(ODN) probe onto a transducer surface for hybridization with its complementary

target sequence. Even though DNA is a relatively simple molecule, finding the

complementary sequence that contains the desired information and distinguishing

between perfect and imperfect matches are very challenging tasks. The two major

requirements needed for a successful full-match DNA hybridization are high

specificity and high sensitivity.

Electrochemical transducers have received considerable attention in DNA detec-

tion. Electrochemical DNA biosensors have been widely developed for chemical,

biochemical, medical, agricultural, and environmental monitoring because of their

compact size, real-time analysis, nearly reagentless operation, simple pretreatment

protocols, low cost of construction, and simplicity of use.10–12

Electrochemical nucleic acid sensing protocols based on different modes of

nucleic acid interaction possess an enormous potential for environmental analysis.

Modern electrochemical DNA biosensors and bioassays for environmental moni-

toring offer remarkable sensitivity, compatibility with modern microfabrication

technologies, inherent miniaturization, low cost (disposability), minimal power

requirements, and independence of sample turbidity or optical pathway. Such

devices are thus extremely attractive for environmental monitoring in a simpler,

faster, and cheaper manner compared to traditional methods. In addition, electro-

chemistry offers innovative routes for monitoring systems with the signal-

generating element and for amplifying electrical signals. Advances in technology

have led us to face important developments in DNA-based environmental analysis.

This chapter details the importance and applications of electrochemical biosensors

in the field of environmental control and monitoring. The general description of

electrochemical DNA biosensors is given, and the applications of these biosensors

based on different electrochemical techniques using various electrode materials for

environmental analysis are discussed in detail considering monitoring of pollutants

that interact with the immobilized DNA layer and detection of sequences related to

microbial or viral pathogens based on nucleic acid hybridization.

12.2 Electrochemical DNA Biosensors

A biosensor is an analytical device having a biologically active material either

intimately connected to or integrated within a transducer.13–16 Biosensors have

been widely developed as the tools for chemical, biochemical, medical, agricultural,

and environmental monitoring because of their compact size, nearly reagentless

operation, simple pretreatment protocols, low cost of construction, real-time anal-

ysis, and simplicity of use. A biosensor can simply be classified in several types

according to the transducer that is used. Among these types electrochemical bio-

sensors, which are rapid, easy to handle, and of low cost, have emerged as the most

commonly used biosensors since they have been found to overcome most of the
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disadvantages, which inhibit the use of other types of biosensors.17,18 An electro-

chemical biosensor is a self-contained integrated device, which is able to provide

specific quantitative or semiquantitative analytical information using a biochemical

receptor which is retained in direct and spatial contact with the transduction

element.19 Voltammetric and amperometric sensors rely on the fact that during a

bio-interaction process, electrochemical species such as electrons are consumed or

generated producing an electrochemical signal, which can in turn be measured by an

electrochemical detector. Biosensors based on the electrochemical transducers have

the advantage of being economic and present fast response. Electrochemistry offers

straightforward preparation of electrodes enabling high selectivity, specificity, and

stability. Furthermore, electrochemical devices are capable of operating in complex,

high-ionic strength media and are highly amenable to miniaturization. Also, the

possibility of automation allows their application in a wide range of samples.20

Biosensors provide promising alternative routes for faster, cheaper, and simpler

DNA assays compared to traditional DNA detection methods. Even though DNA is

a well-defined molecule, finding the sequence that contains the desired information

is a challenging task.21,22

Major types of DNA biosensors are electrochemical, optical, acoustic, and

piezoelectric. Among these types, as mentioned above, electrochemical DNA bio-

sensors have the potential of offering highly sensitive analytical tools. Figure 12.1

shows a general configuration of an electrochemical DNA biosensor. Simply

molecular recognition events rely on the changes in the electrochemical responses

before and after the hybridization event. The detection of DNA sequences shows

that signal transduction can be based on electrogenerated chemiluminescence,

potentiometry, and voltammetry which are all capable of detecting the analyte

DNA at attomole levels.23,24

(Target DNA)

(Probe DNA)

Probe immobilization

TRANSDUCER TRANSDUCER

TRANSDUCER

TRANSDUCER
DNA

Hybridization

Fig. 12.1 A general configuration of an electrochemical DNA biosensor
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12.3 Applications of Electrochemical DNA Biosensors

Electrochemical biosensors have received considerable interest in specific DNA

detection. The first reports about the electrochemistry of DNA were published by

the end of the 1950s and in the beginning of the 1960s by Palecek.1,2 These reports

were based on electrochemical reduction and oxidation signals of DNA due to the

electroactive DNA bases.

Electrochemical DNA sensing has been achieved by three types of approaches,

including the use of a DNA probe having an electrochemical signal part, the use of

an electrochemical DNA target, and the monitoring of the change in electrochem-

ical characteristics of the surface associated with hybridization.22 The progress on

electrochemical DNA sensing methods has increased with the help of technological

advances.

The interaction between DNA and some metal complexes or intercalating

ligands were reported by many researchers. The voltammetric characterization of

lawsone-copper (II) ternary complexes and their interactions with dsDNA was

studied by Babula et al.25 These complexes presented significant prooxidant prop-

erties, which may contribute to their cytotoxicity. The interaction of copper

(II) complexes of D-gluconic acid with dsDNA was investigated by Tabassum

et al. and found to be covalent bond formation.26 The hybridization indicator

performance of ferrocenylnaphthalene diimide was examined based on its binding

mode for dsDNA in the threading intercalation.27 Also, an electrochemical gene-

detecting method based on ferrocenylnaphthalene diimide as the electrochemical

hybridization indicator coupled with an immobilized DNA probe was studied by

Takenaka et al.28 DNA damage studies related to DNA detection have arisen

another attention. The binding of small molecules to DNA was described by

intercalation, particularly, in the presence of planar aromatic compounds, such as

ethidium bromide or acridine dyes.29–32 Redox indicators can hold important place

in DNA detection. Some compounds interacting with DNA can produce their own

redox signals based on binding to DNA.

Many electrochemical works deal with the interactions of DNA with redox

indicators, which are used in the determination of a specific DNA sequence.

Kelly et al.33 demonstrated the interaction of DNA duplexes with methylene blue

which bound reversibly to sites in the DNA on gold surfaces. Echinomycin (Echi)

and cobalt-phenanthroline ([Co(phen)3]
3+) were reported for gold electrodes.34 In

order to minimize the nonspecific adsorption of oligonucleotides, the thiol-

derivatized oligonucleotides were immobilized onto a gold electrode in the pres-

ence of 6-mercapto-1-hexanol. Jelen et al. investigated the interaction of Echi with

DNA by cyclic voltammetry (CV) in combination with a hanging mercury drop

electrode (HMDE).35 [Co(phen)3]
3+ was used as an electrochemical indicator of

DNA hybridization at carbon paste electrodes by Erdem et al.36 Osmium tetroxide

complexes were commonly used as electroactive markers for DNA hybridization

at mercury and carbon electrodes by Palecek and his group.37–40 These

complexes were applied as indicators of DNA hybridization, reacting preferentially
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with ssDNA and distorted DNA regions. Moreover, DNA–osmium adducts were

determined. The interaction of dsDNA and ssDNA with a ruthenium complex and

methylene blue (MB) was examined on a carbon paste electrode by Erdem et al.41

The structure of DNA was determined according to the changes at the voltammetric

peaks of the ruthenium–bipyridine complex and methylene blue.41 Erdem

et al. used MB as the indicator for DNA hybridization related to the hepatitis B

virus (HBV).42 An electrochemical gene sensor was developed by using a

ferrocene-modified oligonucleotide.43 In the study of Nakayama et al.,43 comple-

mentary ODN to the target DNAwas immobilized onto a gold electrode through the

specific chemisorption of phosphorothioates, and DNA sensing was achieved using

the well-known ferrocene oxidation. Synthesis and characterization of ferrocene-

labeled oligodeoxynucleotides were described by Beilstein and Grinstaff.44 Elec-

trochemically active probes containing a redox-active group which were prepared

by covalent linkage of a ferrocenyl group to the 50-aminohexyl-terminated synthetic

oligonucleotides were used for the investigation of DNA hybridization.45

The development of double surface techniques in combination with magnetic

separation and DNA sensor systems has attracted another attention in DNA sensing

technology.46–49 The use of magnetic beads offers the convenience of efficient

magnetic separation. Wang et al. have studied the attachment of biotinylated

oligonucleotide probes onto streptavidin-coated magnetic beads, followed by the

hybridization event, dissociation of the DNA hybrid from beads, and potentiometric

stripping measurements with a graphite pencil electrode.46 DNA hybridization with

magnetic beads based on the enhanced accumulation of purine nucleobases in the

presence of copper ions was also investigated.47 Zhao et al. characterized

DNA-modified gold electrodes by scanning tunneling microscopy (STM), Raman

spectroscopy, in situ UV/Vis reflection spectroscopy, X-ray photoelectron spec-

troscopy (XPS), and alternating current (AC) impedance measurements. The bases

and phosphate groups of the DNA backbone interacted with gold electrode sur-

faces.48 Voltammetric determination of DNA with a silver electrode at low

overpotentials was carried out. In the study of Zhao et al.,49 the voltammetric

response of DNA was attributed to the redox reaction of purine bases.

The number of studies on self-assembled monolayers (SAMs) has grown over

the past years. SAMs are molecular layers formed on a surface when it is immersed

in a solution containing molecules that specifically interact with the surface. Due to

the efficiency and simplicity of the self-assembly technique, the immobilization of

thiol- or disulfide-modified DNA on gold electrodes was reported in the

literature.50–52 SAMs at mercury electrodes were also reported by Ostatna and

Palecek.53 Specific DNA sequence detection in clinical samples (undiluted and

untreated human serum and urine samples) were performed on a ternary interface

involving hexanedithiol (HDT) co-immobilized with the thiolated capture probe

(SHCP) on gold surfaces, followed by the incorporation of 6-mercapto-1-hexanol

(MCH) as the diluent.23,24

The amalgamation of electrochemistry with nanomaterials, which offer

enhanced electrocatalytic activities, increased surface areas, and facile electron

transfer provides noteworthy advantages over conventional sensing paradigms.
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The power and scope of nanomaterials can be greatly enhanced by combining them

with biological recognition reactions and electrical processes. Different applica-

tions of nanostructured materials have been performed in biosensing,

nanomedicine, forensic, nanoelectronics, solar energy, photovoltaics applications,

and environmental monitoring. Thus, the development of nanomaterials has been

one of the important challenges in the preparation of electrochemical DNA bio-

sensors like in many life sciences. In recent years, the number of studies for

electrochemical DNA detection at nanomaterial-based platforms has increased

gradually in the numerous types of electrochemical DNA biosensors.1–100

The performance of glassy carbon electrodes (GCE) and pencil graphite elec-

trodes (PGE) modified with multiwalled carbon nanotubes (MWCNTs) was com-

pared for electrochemical monitoring of DNA hybridization based on the changes

at the guanine signal by Erdem et al.54 MWCNT-PGEs were tested for direct

electrochemical detection of specific DNA hybridization related to hepatitis B
virus (HBV). Ye et al.55 used a screen-printed carbon electrode (SPCE) modified

with MWCNTs for the detection of calf thymus ssDNA by alternative current

(AC) impedance spectroscopy. DNA-partly wrapped single-walled carbon

nanotubes (SWCNTs) were used for DNA detection by Zhang et al.56 The DNA

immobilization onto MWCNT-based platform was studied for label-free detection

of influenza virus (type A) by Tam et al.,57 and the hybridization of the DNA probe

with its target DNA was detected using the changes of the conductance on the

surface of sensors leading to a change in the output signal of the system. Enzyme-

based detection of DNA hybridization (nucleic acid sequences related to the breast
cancer BRCA1 gene) using an MWCNT-modified GCE was monitored by the

amperometric response of α-naphthol in a study of Wang et al.58 Erdem

et al. reported a sensitive and selective assay for the label-free electrochemical

detection of DNA hybridization based on the changes in the guanine oxidation

signal by using MWCNT–streptavidin conjugate-modified PGEs in combination

with differential pulse voltammetry (DPV) and EIS techniques.59

Chang et al.60 studied DNA hybridization using gold nanoparticles based on the

assembly of alternating DNA and poly(dimethyldiallylammonium chloride) multi-

layer films by layer-by-layer electrostatic adsorption.60 Electrochemical detection

of DNA hybridization based on silver-enhanced gold nanoparticle DNA probes was

performed. The assay relied on the electrostatic adsorption of target oligonucleo-

tides using a glassy carbon electrode.61 Electrochemical sensing of DNA was

achieved based on the oxidation signals of silver and guanine by using disposable

pencil graphite electrodes as reported in a study of Karadeniz et al.62; the surface

was modified by passive adsorption using amino-linked oligonucleotides attached

onto the surface of silver nanoparticles.

The use of electroactive polymers as a DNA immobilization platform or as

reporters of DNA hybridization was described in the literature.63–80 The immobi-

lization of DNA using a polymer film is very simple, and the adsorption or covalent

binding method can be applied simultaneously. The characterization of a

biofunctional electroactive polymer, poly(5-hydroxy-1,4-naphthoquinone)

(juglone)-co-5-hydroxy-3-thioacetic acid-1,4-naphthoquinone, used for direct
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electrochemical detection of DNA hybridization was reported by Piro et al.63 Such

a bifunctionalized polymer could act as a reagentless sensor, with the quinone

group as the transducer between the biomolecule and the electrode, and the

carboxylic function as the binding site. Pyrolytic graphite electrodes with adsorbed

poly(4-vinylpyridine) (PVP) and an attached Ru(II) complex with 2,20-bipyridine
ligands ([Ru(bpy)3]

2+) gave reversible voltammetric responses and facilitated the

fabrication of reusable DNA biosensors. These electrodes responded to poly

(guanylic) acid and DNA caused by catalytic oxidation of guanine moieties in

these polynucleotides.64

Polypyrrole (PPy) is one of the most commonly used conducting polymers in

design of advanced electrochemical biosensors.65 The dielectric method was

applied to distinguish between polymers containing different dopants and to mon-

itor their ion exchange occurring when PPy was used for DNA adsorption.66

Biosensing of DNA based on the electrochemical response of ferrocenyl groups

grafted to polypyrrole was also studied by Korri-Youssoufi and Makrouf.67 The

preparation of a polypyrrole nanofiber-modified pencil graphite electrode and its

usage as electrochemical DNA biosensor was investigated in the presence of

methylene blue by Özcan et al.68 DNA-immobilized PPy–polyvinyl sulfonate

film at indium tin oxide (ITO) was studied for Mycobacterium tuberculosis by

monitoring oxidation of guanine and redox indicators, methylene blue and a

ruthenium complex.69

Polyaniline (PANI) has been used for the preparation of DNA biosensors.

A DNA hybridization biosensor based on PANI electrochemically deposited onto

a Pt disc electrode was fabricated by Arora et al. using biotin–avidin as indirect

coupling agents to immobilize 5’-biotin end-labeled probes to detect the comple-

mentary target, using both direct electrochemical oxidations of guanine and meth-

ylene blue.70 A PANI–polyvinyl sulfonate (PVS) film was also fabricated using

electrochemically entrapped calf thymus dsDNA for the detection of organophos-

phorus pesticides.71

A poly(cyclopentadithiophene) matrix modified with DNA covalently fixed to

the surface was designed to study the redox and ion-exchange properties in surface-

tethered DNA-conducting polymers. The voltammetric investigations showed an

improvement in conductivity, originating from the DNA modification.72 Fang

et al. investigated a label-free electrochemical method for the detection of DNA–

peptide nucleic acid (PNA) hybridization using a ferrocene-functionalized

polythiophene transducer and ssPNA probes on a nanogold-modified electrode.73

A poly-L-lysine/single-walled carbon nanotube-modified carbon paste electrode

was prepared as electrochemical DNA biosensor. The well-dispersed carboxylic

group-functionalized single-walled carbon nanowires were dripped onto the carbon

paste electrode surface, and poly-L-lysine films were subsequently electropo-

lymerized by using cyclic voltammetry.74 The positively charged chitosan

(CS) and negatively charged DNA were alternately adsorbed onto the surface of

pyrolytic graphite (PG) electrodes, forming (CS/DNA)n layer-by-layer films by Liu

and Hu.75 Poly(vinylferrocenium) (PVF+)-modified PGEs were used for the detec-

tion of DNA hybridization based on the changes of the oxidation signals of the
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polymer, guanine, and adenine using differential pulse voltammetry (DPV) as

reported by Kuralay et al.76 Also PVF+-modified Pt and Au electrodes were

prepared for biosensing of DNA.77,78 Zinc oxide nanoparticle-PVF+- and tin

oxide nanoparticle-PVF+-modified single-use sensor technologies were developed

and examined for monitoring DNA hybridization by Erdem’s group in collabora-

tion with Sinag’s group.79,80

The detection of drug–DNA interaction is among the important aspects of

biological studies in drug discovery and pharmaceutical development processes.

Wang et al. studied the interaction of the antitumor drug daunomycin with calf

thymus dsDNA in solution and at the carbon paste electrode (CPE) surface. As a

result of an intercalation process between this drug and dsDNA, the daunomycin

response decreased.81 The interactions of the anticancer drugs epirubicin (EPR) and

mitoxantrone (MTX) with calf thymus dsDNA and calf thymus ssDNA were

studied electrochemically with a CPE by Erdem and Ozsoz.78,79 Consequently,

the signals for EPR and MTX which bound to DNA through intercalation were

found to decrease in the order of bare CPE, ssDNA-modified CPE, and dsDNA-

modified CPE. Electrochemical investigations of the interaction between the anti-

cancer drug mitomycin C (MC) and DNA in a novel drug-delivery system were

performed by Karadeniz et al.84; the magnitude of guanine oxidation was monitored

before and after interaction between MC and dsDNA.

Electrochemical methods not only facilitate the development of DNA biosensors

which have led to a lot of advantages mentioned above but also different possibil-

ities in the fields, such as contemporary nucleic acid research, DNA–protein

interactions, DNA damage, highly sensitive nucleic acid determination, effect of

surface charge on the structure and properties of DNA adsorbed at the surface,

highly sensitive detection of impurities in DNA samples, etc. Electrochemical

research on DNA is a vast field requiring more researchers with some knowledge

both in electrochemistry and biochemistry of nucleic acids.

12.4 Electrochemical DNA Biosensors

for Environmental Analysis

Technological and industrial development has in many different opportunities

increased the life quality of human beings, but on the other hand, this development

causes a serious danger in the pollution of the environment by various chemicals that

are used and released afterwards from the processes. Monitoring pollutants in water,

soil, and air is a very challenging task for the environment and also for the public

health. Concerns on increasing costs and sample loads have pushed researchers for

the development of alternative methods for the detection of potentially harmful

pollutants in the environment that will need the requirement for extensive monitor-

ing programs. Reliable devices for measurements of environmental samples are very

important for public health, improving the quality of the environment and
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facilitating technological advances. Analyses of important pollutants in air, water,

soil, and plant tissues are extremely demanded in a fast, simple, easy, sensitive, and

low-cost way. Well-known traditional techniques in this important field are mainly

chromatographic methods which have still some drawbacks.85 Hence, biosensors

appear as alternative devices with an advantage of the ability to work in very dirty

environments with high sensitivity, selectivity, and simplicity. Detection of hazard-

ous industrial chemicals, toxic heavy metals, pesticides, phenols, surfactants, path-

ogenic bacteria, hormones, and antibiotics has been performed with different types

of biosensors. Nucleic acid biosensors with a known sequence of bases or complex

structures of DNA or RNA were used as promising analytical devices for the

detection of environmental pollution and toxicity. These biosensors enable to do

real-time analysis with a wide range of physical, chemical, and biological entities as

receptors that can detect chemical species, such as pollutants, even simply as

commercial devices. Electrochemical DNA biosensors that are commonly based

on the affinity of ssDNA for its complementary strand can be used in environmental

analysis with a view of developing portable, low-cost analytical devices.17,86

Biosensors have been reported for various environmental analyses including

global environmental monitoring, agricultural monitoring, ground water screening,

and ocean monitoring.87,88 Enzyme, antibody, cell, and DNA-based biosensors can

be used for environmental monitoring in case that they offer increased sensitivity,

stability, and shelf life. Most commonly, electrochemical DNA biosensors have

offered promising attention among the other types of biosensors. Many efforts have

been made during recent years to develop various types of DNA biosensors as a

general pollutant indicator for environmental analysis. These biosensors generally

monitor the interaction of pollutants in water, food, soil, and plant samples with the

binding affinities with the immobilized DNA layer. The presence of pathogenic

microorganisms, carcinogens, and mutagenic pollutants can change the electro-

chemical signal of DNA bases, or intercalation can occur. In some cases positively

charged compounds can bind to the DNA via electrostatic interaction.85,89,90 The

general configuration is summarized in Fig. 12.2.

A disposable electrochemical biosensor was developed by Chiti et al. for the

determination of toxic polycyclic aromatic amines (1,2-diaminoanthraquinone,

2-anthramine and acridine orange) based on the intercalative or electrostatic inter-

action of aromatic amines on dsDNA- or ssDNA-immobilized screen-printed

electrodes (SPEs).90 The changes in the anodic signal of guanine (decrease in

guanine peak area) were monitored using chronopotentiometric analysis after

2 min accumulation time. If the analyte was electroactive, it gave an additional

oxidation peak in this study. The anodic signal of the guanine base was strongly

influenced by structural or conformational modifications of the DNA layer accrued

from DNA–analyte association. As a result, the variation in the oxidative signal of

guanine was taken as an index of the molecular recognition in the study. The

formed biosensor was also tested with wastewater samples. The results were

compared with the results of classical genotoxicity tests. The detection limits

were found as 0.05 μM for 1,2-diaminoanthraquinone and acridine orange,

0.2 μM for 2-anthramine, and 5 μM for 2-naphthylamine, respectively.
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Lucarelli et al.91 reported a disposable carbon SPE that was used for wastewater

sample analysis based on electrochemical DNA biosensing. Calf thymus DNA had

been immobilized onto an SPE at a fixed potential, and the oxidation signal of

guanine was monitored in the study by using square wave voltammetry (SWV). The

DNA-immobilized electrode was dipped into the wastewater sample solution and

then the oxidation signal of guanine residues after interaction was monitored. The

presence of potentially toxic compounds was indicated according to the changes in

the electrochemical signal of guanine. The results showed a good correlation with a

commercial toxicity test which gave a more complex response than the prepared

DNA biosensor since the metabolic activity of the bacterial cell was involved in the

commercial test (Toxalert® 100). The determination of 2-anthramine and bisphenol

A in the wastewater sample could be carried out in 8 min.

Another disposable biosensor for the detection of low-molecular-weight com-

pounds (toxins and pollutants) was developed using the affinity for DNA on

graphite SPEs.85 The determination of low-molecular-weight compounds with

affinity for DNAwas measured by their effect on the oxidation signal of the guanine

Electrochemical
signal
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I(A)

E(V)

E(V)

Interaction with
a pollutant

TRANSDUCER
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Fig. 12.2 General configuration of an electrochemical DNA biosensor for environmental analysis
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peak of calf thymus DNA immobilized on the electrode with chronopotentiometric

analysis yielding the following detection limits: 0.3, 0.2, and 10 mg L�1 for

daunomycin, polychlorinated biphenyls (PCBs), and aflatoxin B1, respectively.

The applicability of this environmental sensor to river water samples was also

demonstrated.

Bettazzi et al.92 used an electrochemical low-density DNA array in combination

with polymerase chain reaction (PCR) in order to investigate the presence of

hazelnut major allergens, Cor a 1.04 and Cor a 1.03, in foodstuff. Unmodified

PCR products were captured at the electrode interface via sandwich hybridization

with surface-tethered probes and biotinylated signaling probes. The resulting

biotinylated hybrids were coupled to a streptavidin–alkaline phosphatase conjugate

and then exposed to an α-naphthyl phosphate solution. Differential pulse

voltammetry (DPV) was used to detect the α-naphthol signal with detection limits

as 0.3 and 0.1 nmol L�1 for Cor a 1.03 and Cor 1.04, respectively. The results are

comparable with the ones obtained with classical ELISA tests.

An electrochemical biosensor for the specific detection of short DNA sequences

from the Escherichia coli (E. coli) pathogen was suggested by Wang et al.93 The

biosensor relied on the immobilization of the 25-mer oligonucleotide probe from

the E. coli lacZ gene onto a screen-printed carbon electrode (SPCE). The hybrid-

ization event was monitored via chronopotentiometric detection of the Co(bpy)3
3+

indicator. The biosensor detected 300 and 50 ng mL�1 of E. coli DNA target with

20 and 30 min of hybridization time, respectively. Untreated environmental water

samples were also used in order to present the applicability of the biosensor.

Another electrochemical DNA biosensor for the detection of toxicants in water

and wastewater samples was designed by Mascini’s group.94 It was prepared by

immobilizing double-stranded calf thymus DNA on disposable screen-printed

carbon electrodes. The determination of the genotoxic compounds

4-nitroquinoline-N-oxide (4-NQO), 2-aminoanthracene (2-AA), and N-methyl-N-
nitro-nitrosoguanidine (MNNG) was reported by observing a decrease in the

guanine oxidation peak area as an indicator evaluated from the SWV data. The

obtained results were also compared with some toxicity tests and a commercial

luminescence test with bacteria, Toxalert® 100.94

Wang et al.95 reported an electrochemical biosensor for the detection of short

DNA fragments (38-mer) specific to the deadly waterborne pathogen Cryptospo-
ridium with the DNA probe immobilized on a carbon paste electrode (CPE). The

hybridization event was monitored with chronopotentiometry using Co(phen)3
3+ as

an indicator with short hybridization periods (3 min) resulting in a well-defined

hybridization signal at μg mL�1 concentrations of Cryptosporidium targets and

ng/mL detection limits with longer periods (20–30 min). The suitability for the

direct detection of the spiked Cryptosporidium DNA target was also tested in

untreated drinking and river water samples.95

Toxic aromatic amines which constitute a very important class of environmental

pollutants can be easily detected by electrochemical DNA biosensors. The electro-

chemical biosensing strategy was developed by Wang’s group96 based on the

intercalative behavior of aromatic amines onto an immobilized dsDNA layer
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followed by potentiometric stripping quantification of the accumulated species. The

extent and rate of the accumulation were strongly dependent upon the structure of

the aromatic amines. Nanomolar detection limits were obtained after 10 min of

accumulation. Applicability to river and groundwater samples was also demon-

strated for the electrochemical monitoring of 2-anthramine.96

Another electrochemical DNA biosensor for the detection of hydrazine com-

pounds was developed by exposure of dsDNA-modified carbon paste electrodes to

the compounds which resulted in a diminution of the guanine peak due to the

formation of N7-methylguanine.97 The biosensor relied on monitoring changes in

the intrinsic anodic response of the surface-confined DNA resulting from its

interaction with hydrazine compounds and required no label or indicator. Short

reaction times (1–10 min) were sufficient for monitoring part-per-billion levels of

different hydrazines, and the applicability to river and groundwater samples was

also demonstrated.97

DNAzymes which are single strands of DNA with catalytic activity have

attracted recent interest in environmental monitoring. Arrays coated with ultrathin

DNA/enzyme films were evaluated to estimate relative rates of genotoxic

bioactivation of benzo[a]pyrene (BP) for different enzymes simultaneously.98

Specifically, cytochrome (cyt) P450cam, cyt P40 1A2, and myoglobin in the

array were activated with H2O2 to metabolize BP to genotoxic metabolites. DNA

damage by the metabolites was detected by increases in SW voltammetric oxidation

peaks using Ru(bpy)3
2+ as a catalyst. The ability of the arrays to generate and detect

metabolite-based DNA damage for the enzymes has offered an approach to identify

and characterize enzymes involved in genotoxicity of pollutants.

An electrochemical DNAzyme biosensor for the detection of a heavy metal ion,

lead (Pb2+), was developed by Shen et al.99 based on Ru(NH3)6
3+ as the electro-

chemical signal transducer. A specific DNAzyme upon its binding to Pb2+ was

immobilized onto an Au electrode via thiol–Au interaction. The DNAzyme was

hybridized to a complementary substrate strand that had an overhang, which in turn

hybridized to the DNA–Au bio-bar code. Consequently, the DPV signals of Ru

(NH3)6
3+ provided quantitative measures of the concentrations of Pb2+ in the study

with a detection limit of 1 nM.

Erdem’s group developed carbon nanotube-modified disposable sensors for

electrochemical monitoring of DNA hybridization related to Microcystis spp.

(MYC) following two strategies: (1) label-free and (2) indicator-based method.100

DNA was immobilized on multiwalled carbon nanotube (MWCNT)-based screen-

printed graphite electrodes (SPEs). MYC-DNA hybridization was monitored by

following two strategies by measuring either the guanine oxidation signal or the

reduction signal of cobalt-phenanthroline Co(phen)3
3+. The voltammetric results

were found in a good agreement with the ones recorded by electrochemical

impedance spectroscopy.
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12.5 Conclusions and Outlook

Wide-scale genetic testing requires the development of easy-to-use, fast, inexpen-

sive, miniaturized analytical devices. Classical methods for detecting nucleic acids

are too slow and labor-intensive. Thus, biosensors offer a promising alternative for

faster, cheaper, and simpler DNA assays. These biosensors commonly rely on the

immobilization of double-stranded DNA (dsDNA), single-stranded DNA (ssDNA),

or a single-stranded oligonucleotide probe onto an electrochemical transducer sur-

face for a sequence-selective hybridization with its complementary target sequence.

Even though DNA is a relatively simple molecule, finding the sequence that contains

the desired information and distinguishing between perfect and imperfect matches

are very challenging tasks. Twomajor requirements are needed for successful nucleic

acid hybridization: high specificity and high sensitivity. Electrochemical transducers

have received considerable attention in connection to the detection of DNA.

This chapter reviews the importance and applications of electrochemical DNA

biosensors in the field of environmental monitoring and control. The general

description of electrochemical DNA biosensors is given herein, and also the

applications of these biosensors based on different electrochemical techniques

using various electrode materials for environmental analysis are discussed in detail

considering monitoring of various pollutants that interact with DNA immobilized

onto sensor surfaces in order to detect sequence-selective nucleic acid hybridization

related to microbial or viral pathogens.

Biosensing technologies based on electrochemical DNA biosensors have pro-

vided many advantages for environmental analysis: they are low-cost, fast, easy,

powerful, portable, sensitive, selective, and reliable devices for the detection of

potential contaminants. To monitor the pollutants in an effective way with these

kinds of technologies will lead to a better protection of the environment and hence

of the public health.
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Chapter 13

Immunosensors

Petr Skládal

Abbreviations

Ab Antibody

Ag Antigen

ALP Alkaline phosphatase

Amp Amperometry

Cap Capacitance

CE Capillary electrophoresis

Comp Competitive assay

CV Cyclic voltammetry

DPV Differential pulse voltammetry

EIS Electrochemical impedance spectroscopy

ELISA Enzyme-linked immunosorbent assay

GCE Glassy carbon electrode

GOPS Glycidoxypropyltrimethoxysilane

Homo Homogeneous assay

HRP Horse radish peroxidase

IDE Interdigitated array electrode

ITO Indium tin oxide electrode

MWCNT Multiwalled carbon nanotube

NP Nanoparticle

P-homo Pseudohomogeneous assay

Poten Potentiometric

QD Quantum dot

SAM Self-assembled monolayer

Sandw Sandwich assay
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SPE Screen-printed electrode

SWSV Square wave stripping voltammetry

SWV Square wave voltammetry

13.1 Introduction

Electrochemical immunosensors combine high sensitivity of electrochemical

methods and simple and miniature construction of the required instrumentation

with excellent specificity of antibodies as recognition elements. The current status

of this approach applied for environmental analysis will be discussed. The various

types of biosensors were generally found very suitable for environmental

analysis,1–3 and the subgroup of immunosensors provided numerous attractive

applications in this field, too. However, as a relatively novel technology, the bio-

sensors and bioanalytical techniques generally compete with the established

methods of classic instrumental analysis.4

Historically, the immunoassay5 variant—the enzyme-linked immunosorbent

assay (ELISA)—is a format where the enzyme label is followed optically as a

change of absorbance, fluorescence or luminescence. The electrochemical immu-

noassays employ an electrode to measure the electroactive product released from a

biocatalytic reaction of the label enzyme; in this case, the immunoassay and

electrode reaction occur at different surfaces. These concepts finally inspired

various types of immunosensors where the immunorecognition event proceeds

directly at the electrode surface. Thus, the electrochemical immunosensor is

obtained when the immunorecognition element (antibody, antigen, hapten)

becomes immobilised on the surface of the electrode as a transducer.6 The assays

can be realised in the following formats:

• Heterogeneous (surface-bound immunocomplex, requires separation steps)

• Homogeneous (immunochemical reaction in solution, no separation steps)

• Pseudohomogeneous (immunoreaction at a surface, no separation steps)

The assays can be further arranged in several competitive and sandwich (mul-

tilayer) formats (details are shown in Fig. 13.1). The competitive assay is the only

choice for small molecules, which are typically analysed in environmental samples.

Such analytes possess only one binding epitope which becomes recognised and

bound in the active site of the specific antibody. Large molecules providing several

epitopes can form immunocomplexes with two antibodies simultaneously (or with

even more Ab in case of, e.g. microbes), thus providing sandwich-like structures.

For generating a signal, the resulting complex should be labelled with either an

enzyme or another electroactive molecule.
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13.2 Immunosensor Technologies

13.2.1 Immunoreagents and Assay Formats

As immunorecognition elements, antibodies, antigens and haptens can be utilised

depending on the assay format (Fig. 13.1). Antibodies are mostly immunoglobulins

G (IgG) and rarely also IgM; the fragments made from native antibodies by

chemical and proteinase-based cleavage (Fab) and recombinant forms of antibodies

obtained by gene and protein engineering (single chain variable fragments, scFv)

might provide immunosensing surfaces with a higher density of the binding sites.7

In majority of applications, the molecule of IgG should be immobilised on the

electrode, and the covalent linkage should be the preferred option.

Bare metal and carbon electrodes readily adsorb proteins including antibodies,

but the resulting immunolayers are not robust enough as slow spontaneous release of

proteins occurs; adsorption is perhaps appropriate for single-use immunosensing

log [analyte]

log [analyte]

Signal

Signal

analyte antibody enzyme label

affinity of antibody:

high   low

high  low

a b

c c1

c2

b1

b2

Fig. 13.1 Formats suitable for electrochemical immunosensing include competitive (a, b) and

sandwich (c) immunoassays. For competition, the immobilised recognition molecule can be either

antibody (a) or antigen (b, antigen, hapten or their derivative); the signal-generating labelled

molecule—tracer—includes analyte–enzyme (a) or antibody–enzyme (b1) conjugates. The latter

variant can also employ an unlabelled primary antibody and a secondary labelled antibody (b2).

For sandwich assays, the capture (primary) antibody is immobilised (c) and the signal is generated

using a secondary labelled antibody (c1) or even a tertiary labelled antibody (c2). The general

calibration graphs for both competitive and sandwich assays are shown on the right

13 Immunosensors 333



devices. Noble metal electrodes (gold, platinum, including the screen printed ver-

sions) are initially chemically activated using deposition of thiol-based self-assem-

bled monolayers (SAM). The other end of the typically linear molecule of thiol

brings a suitable group used for subsequent attachment of antibodies. Thiol modi-

fiers providing amino, carboxyl and hydroxyl groups are widely used; cysteamine,

mercaptoundecanoic acid and mercaptodecanol represent example reagents provid-

ing these groups. The appropriate conjugation reactions and reagents are described

in the literature.8,9 Special reagents, such as dithiobis(succinimidyl thiopropionic

acid), provide thiol groups for the attachment and N-hydroxysuccinimide (NHS)-

activated carboxyl for immediate and direct binding of proteins. The advanced

approaches include mixed SAMs, where active (e.g. biotin) and inactive (hydroxyl,

polyethylene glycol, oligosaccharide) end groups allow controlled density of the

immobilised binding sites and limit the nonspecific adsorption of either components

of the sample matrix or immunoreagents required for the assay. Immunoglobulins

become linked directly; the oriented linkage through proteins A and G is the other

option; this protein A–IgG affinity complex should be covalently cross-linked for

enhanced stability if longer or repeated use of the immunosensor is expected.

The primary immobilised antibody captures the target analyte from the sample,

and after washing, the obtained surface-bound immunocomplex should be specif-

ically labelled using the secondary antibody linked to an enzyme label; this

conjugate is known as tracer. The final sandwich complex is again washed, the

substrate for the enzyme is added and the signal is recorded (Figs. 13.1c and 13.2a).

substrate

product

e-

Ab1

Ab2

analyte

Enz
a

b

c

redox probe

Enz1

Enz2

Ab

S1

P1=S2

P2

Fig. 13.2 Examples of electrochemical immunosensing assays. (a) Sandwich immunoassay

where the primary antibody Ab1 captures the target analyte (suitable only for molecules large

enough to possess two binding epitopes). This is labelled using the secondary antibody–enzyme

conjugate (Ab2–Enz), and finally the added enzyme substrate becomes converted to an electro-

chemically active product providing a signal at the electrode. (b) Direct immunoassay, the

captured analyte modifies properties of the sensing surface. For example, blocking of the access

to the electrodes decreases the signal of a suitable redox probe. Alternatively, the impedance of the

electrode is measured using electrochemical impedance spectroscopy. The tunnelling principle (c)

employs two complementary enzymes, Enz1 is co-immobilised at the sensing surface and Enz2

becomes bound in the immunocomplex as part of the tracer. In this way, Enz1 and Enz2 are

spatially linked and start to collaborate (the generator/acceptor pair) through common reaction

intermediates; this does not happen when Enz2 is far away in the bulk solution and no signal

enhancement occurs
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Alternatively, the free analyte from the sample and the added limited amount of the

analyte-enzyme (or other label) conjugate compete for the surface antibody

(Fig. 13.1a). Finally (Fig. 13.1b), the analyte might be immobilised and a limited

amount of antibody is present in solution. The heterogeneous sensing formats are

widely used; the enzyme label amplifies the useful signal which together with the

electrochemical measurement provides high sensitivity.

Alternatively, the captured molecules of the analyte can be detected directly;

typically, the formation of the immunocomplex on the surface of the electrode

blocks access to the surface (Fig. 13.2b). This is measured either using cyclic

voltammogram of a suitable redox-active probe (e.g. ferri/ferrocyanide redox

pair, signal decreases in case of positive response), or the increased resistance

(generally, impedance) of the electrode is determined from electrochemical imped-

ance spectroscopy (EIS). An interesting concept providing pseudohomogeneous

assay format is the tunnelling assay (Fig. 13.2c). Formation of the immunocomplex

at the sensing surface brings closely together two collaborating enzymes (Enz1

co-immobilised at the electrode, Enz2 bound within the immunocomplex). After-

wards, the signal generated by the enzyme sequence becomes significantly

enhanced, thus indicating the extent of the immunointeraction.

13.2.2 Electrochemical Transducers

An electrochemical measuring system is highly sensitive, quite inexpensive and

easily miniaturised to portable formats. Progress in electronics allows miniaturising

the whole system to a single-chip format; e.g. the embedded digitally controlled

potentiostat LMP91000 (Texas Instruments) is programmed through a serial inter-

face (I2C) and consumes minimum power. Amperometric measurement in the

three-electrode format is provided. Potentiometric techniques can be simply

realised with most digital multimeters. Even the advanced pulsed, voltammetric

and galvanostatic techniques are available as hand-held instruments from several

companies, PalmSens and EmStat from Palm Instruments, μStat from DropSens,

PG581 from Uniscan Instruments and 910 PSTAT mini from Metrohm, and other

prototypes have been designed directly in laboratories. EmStat, which plugs

directly to the common USB port, is probably the smallest device and the ideal

option for OEM applications. An additional board allows multiplexing of several

working electrodes, thus providing multichannel measurements.10 Electrochemis-

try can also be combined with optical detection providing the highly sensitive

electrochemiluminescence (ECL) approach; systems are available from several

suppliers (Roche, MesoScale Diagnostics, BioVeris), though portability is not yet

simple.

As the measuring element, screen-printed electrodes (SPE) are widely applied

due to easy and reproducible fabrication at both laboratory and mass production

scales.11 The low production costs allow a single use of the resulting

immunosensors; thus, no complicated regeneration procedures are required. The
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suppliers of SPEs include companies such as BVT Technologies (some

multichannel examples are shown in Fig. 13.3), DropSens and Gwent Group.

Many researchers prefer to print the desired sensing patterns themselves using

commercial inks and pastes or even using custom mixtures often containing carbon

nanotubes12 and metal nanoparticles13 for improved communication with the label-

ling biomolecules. Sensing systems are printed on plastics or alumina ceramics, the

latter allowing use of high temperatures for manufacturing and providing electrodes

quite similar to pure metals or sputtered metal layers. The classic metal rod

electrodes are also used, though careful surface preparation is necessary as a

disposable use is not possible. The SPE approach allows designing various shapes

and arrangement of electrodes; the production of several sensing channels is

favourable for detection of several species during one assay.

The measurements are mostly carried out in the simplest amperometric mode

with fixed potential applied on the working electrode where the indicating molecule

(e.g. product of the enzyme label reaction) becomes converted (either reduced or

oxidised). The resulting current followed in time indicates the progress of the

reaction. The working potential can also be pulsed in order to improve the signal-

to-noise ratio (continuous pulses); alternatively, the accumulated product is

converted after applying a single step of potential (chronoamperometry) to achieve

higher response. More complex voltammetric techniques are particularly suitable

when several different indicating molecules need to be detected; the potential is

swept in time and the conversion of individual redox-active molecules occurs

Fig. 13.3 Examples of screen-printed electrochemical sensors suitable for the construction of

immunosensors. Options include 1, 2, 4 and 8 working electrodes (available materials Au, Pt,

graphite), silver reference (Ag, Ag/AgCl) and auxiliary electrodes. Multichannel sensors produced

according to our designs by BVT Technologies
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sequentially; this allows multiplexed assays. Alternatively, potentiometric mea-

surements follow the change of potential due to the accumulation of the redox label.

The impedimetric measurements either monitor the formation of affinity complexes

on the surface of the electrode, when the impedance of the sensing surface becomes

significantly affected, or an alternating voltage is applied and the phase and

amplitude of the non-faradaic current is interpreted. Optionally, blocking of the

electrode with immunocomplexes is probed using an external redox label (ferri/

ferrocyanide) and voltammetric measurement.

The electrochemical variant of ELISA employs an external electrode which is

sequentially dipped to the working wells, and it quantifies the accumulated indica-

tor molecule. The microwell plates or strips with either bottom-embedded electro-

chemical systems14 or top-inserted electrodes15 significantly profit from parallel

processing of multiple samples.

The enzyme labels are typically horse radish peroxidase (HRP, electrochemical

detection shown in the scheme) and alkaline phosphatase (ALP). For ALP, the

selection of substrates is limited and p-aminophenyl phosphate (PAPP) is mostly

used as the resulting aminophenol becomes easily and reversibly oxidised at the

electrode. A wide choice of substrates (DH2) generating electroactive products

includes hydroquinone, tetramethylbenzidine, aminosalicylic acid and iodide in

the case of HRP:

H2O2 þ DH2 ������!peroxidase
Dox þ 2H2O

Dox ����!cathode
DH2

A typical sequence of responses of the heterogeneous amperometric

immunosensor for the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) is shown

in Fig. 13.4. The mixture of sample and tracer (antibody-peroxidase conjugate) is

added to the sensor with immobilised 2,4-D and allowed to incubate. After a

washing step, the surface-bound peroxidase label becomes quantified amperome-

trically, and the signal is inversely proportional to the amount of herbicide in the

sample (as in Fig. 13.1b, plots at the top right corner). The highest response is

obtained in the absence of the analyte, when maximum binding of the tracer is

achieved, and the blank obtained in the absence of the tracer allows one to correct

for nonenzymatic reactions of the substrate mixture.

13.3 Target Compounds

The following part provides examples of electrochemical immunosensors for

environmental pollutants published in the last decade. The organisation of text

and tables is based on the type of compounds being determined, and besides

analytical parameters (limit of detection and total time of analysis), details of the

immunosensor construction and assay format are briefly summarised.
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13.3.1 Pesticides

The increased use of pesticides for agricultural purposes (control of weeds, insects,

fungi and pests) resulted in a wide spread of these contaminants in soils and surface

waters and in vegetables and fruits as well. Some pesticides exhibit quite high acute

toxicity (organophosphates and carbamates), and on the other hand, residues of the

persistent variants are detected in the environment for decades and exhibit

bioaccumulation and associated long-term effects in living organisms including

humans. The resulting health problems range from asthma, skin rashes and even

neurological disorders.17 Therefore, the public concern about pesticide residues has

increased dramatically. The European Community (directive 98/83/EC) sets limits

on the concentration of pesticides in water for human consumption at 0.1 μg/L for

individual compounds and at 0.5 μg/L for total pesticides. The contents in agricul-

tural products are regulated by national legislations. An extensive review on various

types of biosensors for pesticides is available in the literature.18 Table 13.1 sum-

marises electrochemical immunosensors for pesticides.

0.5 μA

5 min

no 
tracer

0 0 0.01 1 10 100 10000

2,4-D
(μg/L)

Fig. 13.4 Example of calibration of the immunosensor for the herbicide 2,4-D (2,4-dichlorophe-

noxyacetic acid). The series of the cathodic current–time recordings was obtained using a Au

electrode with covalently bound 2,4-D; an anti-2,4-D Ab-HRP conjugate served as tracer. Mea-

surements were carried out at �50 mV in a flow-through mode with iodide/hydrogen peroxide

mixture. The same immunosensor was used repeatedly and regeneration was carried out using

pepsin, adapted from reference (16)
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Table 13.1 Electrochemical immunosensors for detection of pesticides in environmental samples

Pesticide

LOD

(ng/l)

Time

(min) Details of the assay Ref.

2,4-

dichloropheno-

xyacetic acid

72 90 Amp, microplate ELISA-Ab, Ag-ALP,

8-channel, tap water

19

2,4-

dichloropheno-

xyacetic acid

10,000 5 EIS, Au SPE-aminothiophenol SAM-Ab, direct 20

2,4-

dichloropheno-

xybutyric acid

100 200 EIS, Au/cysteine SAM-GA-Ab, direct, soybean 21

Atrazine 8,300 35 EIS, Au IDE/Ag, comp 22

Atrazine 200 25 Poten pH FET, protein A-Ab, Ag-HRP, comp

p-homog, water

23

Atrazine 10 10 EIS, Au-PPy-NTA, Ab-HisTag, direct 24

Atrazine 6 40 Amp, C epoxy composite, protein A-Ab,

Ag-HRP, comp, oranges

25

Atrazine 0.2 160 EIS, GCE-conductive polymer-Ag, comp Ab 26

Atrazine 0.01 30 EIS, nanoporous alumina/Au-Ab, direct, water 27

Azinphos-methyl 380 65 Amp, ELISA comp, Ab, Ab2-HRP, water,

honeybee

28

Carbofuran 330 30 CV, GCE, Ab in sol-gel, direct, vegetables 29

Carbofuran 60 40 DPV, Au/thiobisbenzenethiol SAM/Au NP-Ab,

direct, vegetables

30

Carbofuran 21 60 EIS, Au/Prussian blue, chitosan, Au NP,

MWCNT/protein A multilayer, Ab, direct

31

Chlorpyrifos 100 30 DPV, GCE/MWCNT-thionine-chitosan,

GA-Ab, direct, vegetables

32

Chlorpyrifos-

methyl

400 60 Amp, C SPE/Pt NP/sol-gel, BSA-Ag, Ab-HRP,

comp

33

Chlorsulfuron 6.7 180 SWV, C SPE, microplate-Ag, Au NP-Ab,

compet, Au dissolved

34

Chlorsulfuron 10 15 Amp, C SPE-HRP/membrane-Ab, Ag-GOD,

comp, phomo/tunnelling

35

Coumaphos 0.18 80 Amp, Ab displacement, G-rich ODN, Ru

complex

36

Diuron

(phenylureas)

5,500 EIS, C SPE/AuNP-Ab, direct 37

Diuron 0.01 30 DPV, SPE-SWCNT-Ab1, Ab2-ALP, sandw,

extraction, water

38

Endosulfan 10 60 SWV, GCE/aligned SWCNT-ferrocene-Ag,

comp, water

39

Fenthion 10 10 Amp, Pt SPE/dipstick-Ab, Ag-GOD, comp 40

Isoproturon 840 30 Amp, C SPE/membrane-Ag, Ab-HRP, comp,

soil

41

Paraoxon 12 · 103 CV, GCE/Nafion/Au NP-Ab, direct 42

Picloram 100 30 Amp, CPE, magn NP-Ab, Ag-laccase, compet,

water

43

(continued)
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13.3.2 Endocrine Disruptors

This group of pollutants is mimicking the role of sex hormones; negative effects can

target also the production of hormones and hormone receptors.47 The substances

exhibiting such effects include hormones of natural human, animal and plant origin

(estrogens, phytoestrogens48) released to the environment as well as synthetic

chemicals as phthalates, polychlorinated biphenyls, alkylphenols, bisphenol

A, flame retardants, parabens, polyaromatic hydrocarbons and even some pesti-

cides. The effect on reproductive processes is best known; however, the negative

effects can influence the whole endocrine system. The residual levels (ng/L) of

estradiol, estrone and ethinylestradiol are found in waters (Table 13.2) with dan-

gerous consequences for the aquatic environment.

Table 13.1 (continued)

Pesticide

LOD

(ng/l)

Time

(min) Details of the assay Ref.

Picloram 500 110 Amp, GCE/Au nanoclusters-Ag, Ab-HRP,

comp, fruits

44

Simazine 0.1 10 Amp, Au-HRP +Ab, Ag-GOD, comp, phomo

tunnelling

45

Trichloropyridinol 5 35 SWV, GCE/magn beads-Ab, Ag-HRP, comp,

river water

46

Table 13.2 Electrochemical immunosensors for detection of endocrine disruptors in waters

Compound

LOD

(ng/l)

Time

(min) Details of the assay Ref.

Bisphenol A 600 20 Poten, ISE-Ab, direct 49

Bisphenol A 300 25 EIS, GCE-polythiophene-Ab, direct 50

17-ß-estradiol 21 40 Amp, ELISA microplate-Ag, Ab-biotin,

HRP-avidin, comp, river water

51

17-ß-estradiol 6 30 Amp, Au SPE/Au NP-protein A-Ab, Ag-HRP,

comp

52

17-ß-estradiol 1 65 SWV, C SPE, magn beads-Ag, Ab/Ab2-ALP,

comp, surface and waste waters

53

17-ß-estradiol 0.25 Amp, C SPE-BSA-Ag, Ab-ALP, comp, river water 54

Estrone CV, Pt/polypyrrole-Ab, direct 55

Ethinylestradiol 10 65 SWV, C SPE, magn beads-Ag, Ab/Ab2-ALP,

comp, surface and waste waters

49

Ethinylestradiol 0.01 25 SWV, GCE/Nafion-MWCNT, magn beads-Ab,

direct, river water

56

340 P. Skládal



13.3.3 Polyaromatic Hydrocarbons, Organochlorine
Compounds and Surfactants (Table 13.3)

Polyaromatic hydrocarbons (PAH) originate from combustion processes and are

released also during smoking. In living organisms, PAHs undergo oxidative acti-

vation in the cytochrome P450 system, and the resulting reactive metabolites

(epoxides, diols) attack biomolecules including nucleic acids. The modified nucle-

otides cause wrong replication and transcription of DNA leading to formation of

tumours. The lipophilic character of PAHs is responsible for their binding with the

androgenic receptor and consequently nonspecifically induced transcription and

translation.

Polychlorinated biphenyls (PCB) were industrial compounds used as dielectrics

in capacitors and fluids in transformers; nowadays PCBs became banned in most

Table 13.3 PAHs, PCBs and surfactants compounds determined using electrochemical

immunosensors

Compound

LOD

(ng/l)

Time

(min) Details of the assay Ref.

PAHs

Benzo[a]pyrene 4,000 70 Amp, Au-MUA SAM-Ab, Ag-ALP, comp 57

Benzo[a]pyrene 2,000 180 CV, GCE/SiO2 NP-BSA-Ag, Ab1, Ab2-HRP,

comp, water

58

Benzo[a]pyrene 700 60 CV, GCE/chitosan-graphene-dendrimer-Ag, comp 59

Benzo[a]pyrene 1 60 EIS, Fe3O4-Nafion-polyaniline, C NP-Ab-HRP,

direct

60

1-Nitropyrene 104 20 DPV, GCE-Ab, direct, air, tea 61

PAHs (sum) 20 55 SWV, GCE, magn bead-Ab, Ag-HRP, comp, tap

water

62

Phenanthrene 150 40 LSV, C SPE-Ag, Ab-ALP, comp, sea/river water 63

1-Pyrenebutyric

acid

30 25 EIS, GCE/Nafion-Au NP-Ab, direct, river water 64

1-Pyrenebutyric

acid

104 190 SWV, ITO-GOPS-Ab, Ag-Ru(bpy)3, comp 65

PCBs

PCBs (mixture) 500 30 DPV, C SPE, magn beads-protein G-Ab, Ag-AP,

comp, sediments

66

PCBs (mixture) 10 40 SWV, C SPE, magn beads-Ab, Ag-HRP, comp,

river water

67

2,4,6-

trichlorophenol

200 15 Amp, Au SPE, capillary-protein A separation, Ab,

Ag-GAL, comp, surface water

68

Surfactants

Alkylphenols

(ethoxylates)

1,000 60 Amp, C SPE, capillary-Ab, Ag-GAL, comp 69

Nonylphenol 104 30 LSV, C SPE-Nafion-Ab-HRP, signal enhance-

ment, direct, river water

70
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developed countries. PCBs are highly persistent and consequently ubiquitous in the

environment. Some of the PCB congeners are highly toxic for human health.

Dioxins are industrial contaminants resulting from processes involving chlorine

(synthesis, production of some plastics, even bleaching). The health risks of dioxins

are based on their carcinogenicity; some exhibit endocrinic effects, too.

Chlorophenols are released from paper, pulp and dye production and may function

as precursors of dioxins. Surfactants and their metabolites—linear alkylbenzene

sulphonates (LAS) originate from industrial processes as well as from home

washing—are considered as potential endocrine disruptors.

13.3.4 Toxins

Cyanobacteria forming blooms release toxic substances, cyanotoxins, which are

hazardous to human health as well as to other organisms in the aquatic environment.

The wide group of substances consists of hepatotoxins (microcystins and

nodularin), neurotoxins (anatoxins and saxitoxins), cytotoxins (cylindros-

permopsins), and dermatotoxins (aplysiatoxins and debromoaplysiatoxins).71

Most abundant are microcystins (Table 13.4), short cyclic peptides containing

strange amino acids synthesised by peptide ligases and released to water after cell

lysis of the producer microorganism (Microcystis, Oscillatoria, Anabaena and

Nostoc species). Seafood products become also contaminated by related saxitoxin

and domoic acid.

13.4 Conclusion and Future Prospects

The development of the electrochemical immunosensors considered for the detec-

tion of environmental pollutants was briefly reviewed. At present, two types of

assays are in focus. The heterogeneous sandwich format is robust and reliable;

sensitivity is provided by enzyme labels generating electrochemically measured

products. Complications include several incubations and the required washing

steps. As alternative, the direct assay formats employ different strategies on how

to evaluate the capture of the target compound without any label. This area seems

very promising, as novel surface preparation techniques and the use of nanotech-

nologies (nanoparticles/wires/tubes/. . .) resulted in very sophisticated devices and

assay formats sometimes exhibiting excellent analytical parameters. The affinity of

the specific antibody towards the corresponding analyte remains the most important

parameter always limiting the other assay steps.

Several enhancement strategies provide significant improvement of performance

compared to classic immunoassays. Shortened assay times compared to standard

microtitration plate-based ELISA can be achieved through miniaturisation of the

working space and enhanced surface-to-volume ratio. Thus, limited diffusion

342 P. Skládal



pathways allow to establish (or approach) the equilibrium between the immobilised

capture partner and the analyte (and tracer) in solution much faster. This happens in

microfluidic flow systems with embedded immunosensors, or simply when the

immunoassay becomes realised in capillaries. The interface between electrode

and the immunorecognition part becomes often modified with the addition of

metal nanoparticles or carbon-based nanomaterials (nanotubes, graphene sheets).

The benefits include enlarged contact area and enhanced rate of electron transfer;

the construction of such systems currently does not seem to be optimised, and

configuration or amounts of components mixed together to form the immunolayer

Table 13.4 Electrochemical immunosensors for marine toxins

Toxin

LOD

(ng/l) Time Details of the assay Ref.

Brevetoxin

B/dinophysistoxin-1

1.8/2.2 60 SWSV, GCE, magn beads-dual Abs, Cu

NP-Ag1, Cd NP-Ag2, comp, seafood

72

Dinophysistoxin-2 70 40 Amp, Ab, Ag-HRP, CE, comp, shellfish 73

Microcystin Amp, C SPE, microplate ELISA, algae 74

Microcystin-LR 500 60 Amp, C SPE, membrane-Ab, Ag-HRP,

comp, river water

75

Microcystin-LR 170 50 Amp, C SPE/PVP-Os/Ag, Ab, Ab2-HRP,

comp, water

76

Microcystin-LR 100 11 Amp, Au/membrane/Au-Ab, Ag-GOD,

comp, cross-flow, water

77

Microcystin-LR 100 QD-Ab, SWSV 78

Microcystin-LR 50 35 EIS, Si/MWCNT-Ag, Ab, comp. 79

Microcystin-LR 50 15 EIS, Au/Au NP-Ab, direct, water 80

Microcystin-LR 30 Au NP-cysteine SAM/Au, Ab, direct 81

Microcystin-LR 20 25 DPV, Au/Au NP-Ab, direct, algae 81

Microcystin-LR 16 35 DPV, GCE/chitosan/graphene-Ag,

Ab-HRP, comp, river water

82

Microcystin-LR 10 130 Amp, GCE-Ab, Ab2-Pt/Ru NP, sandw,

river water

83

Microcystin-LR 1.7 40 EIS, GCE/MWCNT/ionic liquid-Ab, direct,

water

84

Microcystin-LR 0.007 Cap, Ag NP/Au, thiourea SAM, direct 85

Microcystin-LR 3.7� 10�5 50 DPV, GCE/graphene/Au NP/conductive

polymer-Ab, direct, river water

86

Okadaic acid 500 70 DPV, Au, magn beads-Ab, Ag-HRP, comp,

mussels

87

Okadaic acid 200 70 EIS, C SPE-Ab, direct, mussels 88

Okadaic acid 150 70 Amp, C SPE, magn beads-Ag, Ab,

Ab2-ALP, comp, mussels

89

Okadaic acid 19 50 SWV, C SPE/grapheme/Ab, Ag-ovalbumin,

comp, shellfish

90

Saxitoxin 800 36 Amp, Ab, Ag-HRP, CE, comp, shellfish 91

Toxin Cond, SWCNT-Ab on paper 92
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are more or less random and not compared to reference layers. Very often, simple

adsorption holds everything together resulting in less robust systems; carefully

planned covalent binding stabilising the sensing layers should be introduced. On

the other hand, the use of magnetic beads for capture and preconcentration of the

target compounds from complex sample matrices seems to be reliable and provides

the expected results.

Considering the summarised work reported in the literature, the more complex

procedure does not always result in improved analytical procedure—better limit of

detection and shortened total time of analysis. Furthermore, the proof of reproduc-

ible performance in real life should be addressed more intensively. The transfer of

the detector system from laboratory to the real world usually demonstrates several

more or less significant problems which associated together make the function of

the immunosensing device rather unreliable. However, the experience gained

during this phase of testing from purely research approaches to practical evalua-

tions under unpredictable conditions is invaluable and helps to improve weak parts

of the immunosensor.

Finally, the conclusion whether the target pollutant was detected or not is

presently carried out by the user looking on the measured trace of signals. This

evaluation and decision-making should be implemented in the control software, and

this might be quite challenging, too. The combination of immunoanalytical devices

with chemometrics will in future provide really smart immunosensors suitable for

automated measurements and detection of potentially dangerous compounds in the

monitored environmental space.
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45. Zeravik J, Ruzgas T, Fránek M (2003) A highly sensitive flow-through amperometric

immunosensor based on the peroxidase chip and enzyme-channeling principle. Biosens

Bioelectron 18:1321–1327

46. Liu G, Timchalk C, Lin Y (2006) Bioelectrochemical magnetic immunosensing of trichlor-

opyridinol: a potential insecticide biomarker. Electroanalysis 18:1605–1613

47. Rodriguez-Mozaz S, Marco MP, Lopez de Alda MJ, Barceló D (2004) Biosensors for
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Chapter 14

Other Types of Sensors: Impedance-Based

Sensors, FET Sensors, Acoustic Sensors

Christopher Brett

14.1 Introduction

In this chapter, types of electrochemical sensor or biosensor which are based on

electrical properties and which cannot be grouped into normal voltammetric or

potentiometric sensors will be addressed, giving the fundamental principles and

selected examples to show how they are implemented for characterisation and for

analysis. This will concern sensors based on impedance, solid-state miniaturised

sensors and piezoelectric transducer-based sensors.

14.2 Sensors Based on Impedance

The impedance of an electrode–solution or modified electrode–solution interface

can be measured directly by appropriate instrumentation, and the impedance can be

simplified in some cases to a resistance (conductance) or capacitance. Some of the

more common modes of implementation of impedance will be presented in this

section. It should be noted that data from impedance experiments contain more

information than from voltammetric experiments owing to, amongst other factors,

the large range of timescales which is probed. This means it is a more sensitive

technique for probing changes to the electrode surface but, at the same time, can

make interpretation more difficult.
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14.2.1 Fundamentals of Electrochemical Impedance

In any electrochemical cell, there is separation of charge, movement of charge or, at

high frequency, induction due to the electric field. Thus, the cell can be modelled by

an electrical equivalent circuit containing capacitors, resistors or inductors, respec-

tively. Induction phenomena only need to be invoked at very high frequency or in

relaxation phenomena at low frequency. Normally, in the case of sensors, owing to

the way the electrochemical cell is constructed and in the presence of a large

quantity of electrolyte to carry the current, all important interfacial phenomena

are concentrated close to the electrode–solution or modified electrode–solution

interface. In such cases, modelling of the impedance characteristics has to consider

this region alone, the rest of the cell being represented by a cell resistance.1

The measurement of electrochemical impedance usually involves applying a

small sinusoidal voltage perturbation superimposed on a fixed value of applied

potential at frequencies which typically vary from 100 kHz down to 1 mHz. The

current response to this perturbation is measured in terms of its amplitude and

change in phase which leads to the impedance.

The excitation signal, expressed as a function of time, normally has the form

Et ¼ E0 sin ωtð Þ

where Et is the potential at time t, E0 is the amplitude of the signal and ω is the radial

frequency. The relationship between radial frequency ω (expressed in radians/

second) and frequency f (expressed in Hertz) is ω¼ 2πf.
In a linear system, the response signal, It, is shifted in phase (φ):

It ¼ I0 sin ωtþ φð Þ

The impedance is thus

Zt ¼ Et

It
¼ E0 sin ωtð Þ

I0 sin ωtþ φð Þ ¼ Z0

sin ωtð Þ
sin ωtþ φð Þ

and can be expressed in terms of a magnitude, Z0, and a phase shift, φ.
Furthermore, considering Euler’s equation (exp(ix)¼ cos(x) + isin(x)), the

impedance can be expressed as

Zt ¼ Z0 cosφþ isinφð Þ

so that the impedance can be decomposed into a real part and an imaginary part.

For sensor applications, the data presentation is usually as a complex plane plot,

with the real part (Z0) plotted on the x-axis and the imaginary part (Z00) plotted on the
y-axis, which is also referred to as a “Nyquist plot”. An alternative representation is
of impedance magnitude and phase angle as a function of the logarithm of fre-

quency—this Bode representation is most used in corrosion studies.
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Normally, amplitudes of 5–10 mV are used to ensure that the response is linear

and to avoid the occurrence of harmonic signals. Different frequencies are used to

obtain the impedance response as a function of frequency, usually between 100 kHz

and 0.01 Hz, as mentioned previously, which gives rise to a frequency spectrum.

For this reason, the technique is often known as electrochemical impedance spec-

troscopy (EIS).

14.2.2 Model of the Electrochemical Cell and Electrical
Equivalent Circuits

As explained above, conditions are usually created in electrochemical cells so that

the response is due to processes occurring at the electrode–solution or modified

electrode–solution interface. Thus, the rest of the cell can often be represented by a

resistance RΩ.

We now consider three simple but increasingly complex circuits, at an inert

electrode immersed in electrolyte solution with electroactive species. All of them

are important for electrochemical sensors.

1. At potentials where no electrode process occurs, there is an ordering of charge in

the solution at the electrode–solution interface, the double layer. This is conve-

niently represented by a capacitor, and, in such a case, the equivalent circuit is

RΩ in series with the double-layer capacitance, Cdl. The impedance plot is a

vertical straight line, as shown in Fig. 14.1a, the components of the impedance

being given by

Z0 ¼ RΩ Z00 ¼ �1= ωCdlð Þ

2. If, at a different applied potential, an electrode process occurs, that is, charge

transfer controlled over the whole frequency range, then this charge transfer can

be represented by a charge-transfer resistance, Rct. The resistance Rct is placed in

parallel with the double-layer capacity, Cdl, since charge movement and charge

separation happen at different sites on the electrode surface. Analysis of the

spectrum gives a semicircle of diameter Rct

Z0 ¼ RΩ þ Rct

1þ ωRctCdlð Þ2 Z00 ¼ � R2
ctCdl

1þ ωRctCdlð Þ2

as shown in Fig. 14.1b. The maximum of the semicircle corresponds to

ωRctCdl¼ 1. Naturally, the value of Rct depends on the rate of charge transfer

but also on analyte concentration.

3. Finally, the situation can occur where there is kinetic control at high frequencies,

but at lower frequencies, owing to the longer timescale of the voltage perturba-

tion, the charge transfer is governed by diffusional mass transport from the
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interior of the solution. Diffusion control of solution species is represented by a

Warburg impedance, ZW, and corresponds to a line of slope 45� in the complex

plane plots. The generic complex plane spectrum has the form shown in

Fig. 14.1c. This is often seen when model electroactive species are used, for

example, to probe to what extent a modifier film covers the electrode surface, the

impedance values becoming larger the more that the surface is covered.

More complex equivalent circuits often need to be invoked for modified electrodes.

For example, a film-modified electrode can itself have a resistance and charge

RΩ Z '

-Z "

w

RΩ Cdl

RΩ RΩ+ Rct

wRctCdl=1

Z '

-Z "

w

RΩ
Rct

Cdl

a b

wRctCdl=1

RΩ RΩ + RctZ '

-Z "

w

Mass transfer
control

Kinetic control

RΩ
Rct

Cdl

ZW

c

Fig. 14.1 Complex plane impedance plots at electrodes for the shown selected electrical equiv-

alent circuits: (a) purely capacitive interfacial response, (b) faradaic electron-transfer reaction

controlled by kinetics, (c) electron-transfer reaction with mass transfer control at low frequencies.

RΩ cell resistance, Rct electron-transfer resistance, Cdl double-layer capacitance, ZW Warburg

impedance
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separation that could be represented by another RC parallel combination in series

with the circuits above.

It is often found that the complex plane plots do not give perfect semicircles,

they are depressed, and the vertical straight lines for capacitors appear at lower

angles. The reason for this can be attributed to surface nonuniformity and roughness

in that each local area has its own RC combination, but what is observed macro-

scopically is the sum of all these contributions. This is often referred to as frequency

dispersion and can be taken into account in the modelling by using a constant phase

element (CPE). For a nonideal capacitor, this has the form

CPE ¼ �1= iωCð Þα

where α is called the CPE exponent that varies between 1.0 for a pure capacitor and

0.5 for a porous electrode. It should be noted that values of 1.0 are, in practice,

uncommon—for example, a bare glassy carbon electrode in its capacitive region

usually gives an exponent of between 0.85 and 0.90.

Thus, experimental impedance data are commonly analysed by fitting them to an

appropriate electrical equivalent electrical circuit. A physical model of the

electrode–solution or modified electrode–solution process that can be justified

should first be constructed and used for parameter fitting together with careful

examination of the fitting errors.

Further details on representation and analysis of impedance spectra, especially in

more complicated situations, may be found in references (1,2).

14.2.3 Characterisation of Sensors Using Electrochemical
Impedance

Electrochemical impedance spectroscopy is excellent for the characterisation of

electrodes, modified electrodes and the changes of the interfacial region with time

and during use. The impedance response is subject to variations in the character-

istics of the modification and substrate electrode surface which are not evident in

voltammetric experiments. This is also the case for ion-selective electrodes. Thus,

the main application of electrochemical impedance spectra is for system character-

isation and as a diagnostic for changes which occur as a result of exposure to the

analyte, degradation of response with time and so forth.3 This begins with a full

characterisation of the substrate electrode, in which impedance characterisation

should be carried out together with voltammetric characterisation and surface

analysis, as in reference (4) for carbon film electrodes. Using impedance spectra

as an analytical tool, given their complexity in most situations, can make the

obtaining of reproducible analytical data rather difficult.

A summary of several ways in which impedance may be applied to sensor

characterisation is given in reference (5). This includes the probing of self-
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assembled monolayers to examine for pinholes without using a redox probe by

showing that the CPE exponent is 1.0 when a gold electrode surface is completely

covered by alkanethiols,6 characterisation of Nafion-modified electrodes for strip-

ping analysis in the presence of surfactant,7 recording impedance spectra during

ultrasound irradiation to obtain rate constants for guanine and adenine electro-

oxidation without the complications of adsorption blocking of the surface8 and

characterising redox-mediated electrochemical biosensors.9 In all of these cases,

EIS is an extremely powerful tool and can complement the information obtained by

voltammetric techniques.

Application of EIS to characterisation of stripping analysis in the environmental

context will now be described in more detail, as an example of how impedance

characterisation can be successfully employed. EIS was used to examine Nafion-

coated electrodes prepared for the analysis of trace concentrations of cadmium and

lead cations by anodic stripping voltammetry at potentials used during such exper-

iments. It was found that irreversible changes to the Nafion film occur after the first

stripping experiment, but that the modifier layer is then stable and no further

changes occur, which is often seen but without demonstration of the reason.10

Spectra also showed that the measurement of very high concentrations of metal

ions is deleterious for the Nafion film. The effect of Triton-X surfactant was also

examined,11 and some of the impedance results obtained are shown in Fig. 14.2,

here plotting the imaginary part of the impedance as a function of frequency. There

is clear diagnostic information that at low surfactant concentrations, the polymer

film and interfacial region is hardly influenced during the process examined, the

influence becoming greater as the Triton concentration is increased and then

decreasing to almost zero by 500 mg�1 of Triton. In this last case, which is above

the critical micelle concentration, the surfactant molecules prefer to form micelles

rather than stay close to the Nafion surface. The case of co-deposition of bismuth

ions to improve the quality of the response was also examined, with the same

conclusions.12 Also, it was shown by EIS that organofunctionalisation of a graphite/

polyurethane composite electrode with incorporated mesoporous silica was bene-

ficial for facilitating heavy metal deposition.13

EIS can be used to demonstrate how electrodes or modified electrodes behave

after the carrying out of other different types of experiment. For example, one of the

difficulties in the analysis of pharmaceutical compounds or pesticides by oxidation

is electrode blocking by adsorption of products of the electrode reaction. EIS is a

convenient probe of such phenomena, since adsorption alters the shape of the

spectra as well as the magnitude of the impedance. For example, in the analysis

of the pharmaceutical compound verapamil, it was shown, using a graphite/poly-

urethane composite electrode, that there is no adsorption so that the same electrode

can be used for a long period without any cleaning or surface regeneration.14

Multilayer self-assembled layer-by-layer structures can also be conveniently

probed, for example, of polyoxometalates (�) with poly(ethylamine)(þ),15 such

modified electrodes being used for analysis of nitrite and other oxyanions.
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Regarding applications involving surface modification with carbon nanotubes or

other nanomaterials, similar considerations can be applied, for example, with

chitosan/carbon nanotube-modified electrodes for hydrogen peroxide sensing or

glucose biosensing.16

Enzyme inhibition sensors are of interest in the environmental context, the most

used being those involving acetylcholinesterase inhibited by pesticides; e.g. these

can involve rather complex architectures, and characterisation of such systems by

EIS is becoming more widespread.17 Complex sensor architectures have been used

for endocrine disruptors, with similar characterisation by electrochemical imped-

ance.18 Recently, EIS was used for the first time to characterise the response of

glucose biosensors in the presence of heavy metal ion inhibition.19
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Fig. 14.2 Plots of -Z00 vs. lg ( f/Hz) for Nafion-coated carbon film electrodes in pH 4.3 acetate

buffer solution for different concentrations of Triton-X-100 at �0.5 V vs. SCE at different stages

during the SWASV of lead and cadmium ions. Sequential spectra: ( filled square) buffer electro-
lyte; ( filled circle) after deposition during 120 s of 10�7 M Pb2+ and Cd2+; (open circle) after
SWASV; ( filled triangle) with Triton and (open triangle) after electrochemical cleaning. From

reference (11) with permission of Elsevier
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14.2.4 Applications of Electrochemical Impedance
Spectroscopy in Analysis

Applications of electrochemical impedance spectroscopy as a direct sensing strat-

egy are not common. Sensors which rely on the recording of an impedance

spectrum are termed impedimetric sensors. The reasons that they are not in wide-

spread use are, first, as mentioned above, because the spectra are often complex and

can easily reflect subtle changes in the interfacial region which are not seen by other

electrochemical techniques, thus compromising the analytical precision, and, sec-

ond, the recording of a spectrum requires at the very least some minutes and

commonly up to 30 min if low frequencies (less than 1 Hz) are to be applied.

Even given such limitations, impedance spectroscopy can be used to periodically

perform self-diagnostics of remotely deployed chemical sensors to decide if cali-

bration is needed, for example, in ion-selective electrodes.20

One possible solution to the problem of recording a full impedance spectrum is,

if there is full confidence in the impedance characteristics, to choose a smaller

number of frequencies and make the spectrum recording take less time. If there is

always a semi-circular (or depressed semi-circular) complex plane spectrum, then

three or four carefully chosen frequencies should be sufficient to fit the data to the

model. Other special cases are:

• If the response is purely capacitive, then use of one frequency is sufficient—

capacitive sensors. These are mostly used in the context of physical measure-

ments, such as humidity at miniaturised sensors.

• If the response is almost purely resistive, owing to the high resistance of a

dielectric film modifier on the electrode surface, which dominates the response,

then a conductance measurement can be made—conductometric sensors or, in a

miniature form (see below), chemiresistors.

Examples of successful impedimetric sensors (rather than conductivity or capac-

itance) are few. One example involved the fabrication of lignin-modified glassy

carbon electrodes which are sensitive to ozone. Exposing the sensor electrodes to

various ozone concentrations resulted in proportional changes in the charge-transfer

resistance in the impedance spectrum.21 More recently, microelectrochemical sen-

sors were prepared which are suitable for use in marine environments and were

tailored to voltammetric and impedimetric or conductivity measurements.22

A review of impedimetric biosensors was made, concentrating on impedimetric

immunosensors, which rely on antibody–antigen interactions.23 The necessity of

having a marker of the interaction, such as an enzyme, is thus unnecessary. These

are exceptionally specific systems where the attachment of the antibody gives a

large change in the impedance spectrum. Another area in expansion is application

of impedimetric biosensors to foodborne pathogenic bacteria.24

With respect to conductometric measurements, recent research has been carried

out with conductometric microbiosensors, summarised in reference (25), where

careful studies of the impedance obtained at different frequencies were first done in
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order to conclude that a minimum frequency of 10 kHz normally needs to be used

so that the response is essentially conductive and surface effects can be neglected.

14.3 Solid-State Miniaturised Sensors

The use of microsensors for in-field monitoring of environmental parameters is

gaining interest. Amongst them, microsensors based on semiconductor technology

offer additional advantages such as small size, robustness, low output impedance

and rapid response. The technology used allows integration of circuitry and mul-

tiple sensors in the same substrate, and accordingly they can be implemented in

compact probes for particular applications, e.g. in situ monitoring and/or on-line

measurements.

Miniaturised sensors have been made which are able to be placed in small spaces

using semiconductor technology. The various kinds of sensors include ion-selective

field-effect transistors (ISFETs) and chemical field-effect transistors (ChemFETs),

as well as chemiresistors.

14.3.1 Electrolyte–Insulator–Semiconductor-Based Sensors

Electrolyte–insulator–semiconductors are the basis for silicon field-effect chemical

sensors and include ISFETs/ChemFETs,26 light-addressable potentiometric sensors

(LAPSs)27 and capacitive sensors.28 The first ISFET was invented in 1970.29

Advantages are their small size, possibility of on-chip circuitry and potential for

mass production at low cost. They rely on chemical sensitivity of the potential drop

at the electrolyte–insulator interface that can be explained by ion exchange or by

adsorption of potential-determining ions. Thin insulating oxide and nitride films are

produced by conventional methods of microelectronics to provide pH-sensitive gate

dielectrics. For example, chalcogenide films have promising potential for the

detection of heavy metal ions in solutions, including in multisensor arrays for

multicomponent analysis.30

All these sensors, in the simplest implementation, are based on a modified

n-channel metal oxide semiconductor field-effect transistor (n-channel MOSFET).

A p-type silicon substrate (bulk) contains two n-type diffusion regions (source and

drain), the structure of which is covered with a silicon dioxide insulating layer on

top of which a metal gate electrode is deposited. The application of a positive

voltage to the gate electrode with respect to the p-type silicon creates a conducting

channel between the source and the drain. The conductivity of this channel can be

modulated by adjusting the strength of the electrical field between the silicon and

the gate electrode (Vgs), perpendicular to the substrate surface. At the same time, a

voltage can be applied between the drain and the source (Vds), which results in a

drain current between the n-regions and that is measured.
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14.3.1.1 ISFETs and ChemFETs

In ISFETs and ChemFETs, the transistor metal gate electrode is replaced by an

electrolyte solution, in the case of ChemFETs probably with a modifier film being

placed on top of the gate region to condition access of the species which can

influence the source-drain current (see Fig. 14.3).

Thus, an ISFET is an ion-sensitive field-effect transistor used for measuring ion

concentrations in solution; when the ion concentration (such as H+) changes, the

current through the transistor will change and the solution is used as the gate

electrode. There are practical limitations owing to the necessity of using a separate

reference electrode, so much effort has been devoted to making good, stable

reference electrodes that can be placed on the same chip. Transistor encapsulation

is needed to prevent attack on the electronics by the solution.

In order to improve performance, inorganic oxides other than SiO2 for pH

sensors such as Al2O3, Si3N4 and Ta2O5 have been deposited on top of the SiO2

by chemical vapour deposition, in order to increase sensitivity and decrease the

hysteresis and drift of SiO2-based ISFETs.

A ChemFET, a chemical field-effect transistor, is a type of FET that is a

chemical sensor where the charge on the gate electrode is due to a chemical process.

In principle, it may be used to detect atoms, molecules and ions in liquids and gases.

For example, the SiO2 gate material has Si–OH groups on the surface, which can be

used for covalent attachment of organic molecules and polymers.

Solid-state potentiometric sensors that are based on the chemical modulation

of the work function of organic semiconductors were reviewed. These include

the chemically sensitive field-effect transistor in which the conventional gate of

p-silicon substrate

Electron channel

Sensing layer

Resin

RE

Vgs

Vds

n+ 

source
n+ 

drain

solution

Fig. 14.3 Principle of operation of an ISFET sensor
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the silicon-based transistor was replaced by an organic semiconductor.31

A comprehensive review of the ISFET and its applications in biomolecular sensing

and characterisation of electrochemical interfaces was given, together with a survey

of the different uses of the ISFET in biomedical and environmental applications.32

Recently, a review of the role of ISFETs and ChemFETs in the environmental

field was presented, emphasising the way in which the measurement of pH and

various ions is important in environmental water monitoring.33 Besides pH, the

concentrations of nitrate and ammonium ion are described, and of chloride in

swimming pool waters. Regarding waste waters, anionic and cationic surfactants

have been developed as well as enzyme ISFETs for measuring pollutants, by

enzyme inhibition. A good example of this is modification by acetylcholinesterase

for measuring pesticides, proposed as early as 1981,34 but widespread use of this

approach has not occurred owing to practical difficulties. The control of drainage

waters in soils and crops is another area where ISFETS have potential application,

e.g. in soil analysis35 as well as in flow injection analysis (FIA) methods for real-

time soil analysis, with emphasis on nitrate ions.36

A pH ISFET was used to monitor biofilm formation from Micrococcus luteus
cells in microfluidic channels, the importance of using ISFETs being their small

size, access obviously being impossible for larger sensors. Alkalinisation promotes

biofilm formation, so detection of this by ISFETS can be used as a preventive

measure in clinical and industrial environments.37

The use of ChemFETs as recognition devices for environmental application was

recognised early on in the 1990s, as documented in,38 one application being to

measure low concentrations of copper, cadmium and silver ions in water.

In enzyme FETs (ENFETs), the detection layer is of enzymes. They are prom-

ising tools in medicine, biotechnology, environmental control, agriculture and the

food industry, limitations to their use being mainly linked to retention of enzyme

activity on immobilisation. Biosensors for the determination of concentrations of

toxic substances (organophosphorus pesticides, heavy metal ions, hypochlorite,

glycoalkaloids, etc.) can be designed, exploiting the enzyme inhibition effect.39

14.3.1.2 Light-Addressable Potentiometric Sensors (LAPS)

The light-addressable potentiometric sensor (LAPS) was first developed by

Hafeman in 1988.27 The LAPS principle is based on semiconductor activation by

a light-emitting diode (LED) or a laser. A LAPS usually consists of a metal–

insulator–semiconductor or electrolyte–insulator–semiconductor structure. The

hetero-structure of Si/SiO2/Si3N4 can be excited by a modulated light source,

producing a photocurrent, the amplitude of which is sensitive to the surface

potential, LAPS thus being able to detect the potential variation caused by an

electrochemical event. The normal function of LAPS is for pH detection, via the

H+-sensitive Si3N4 layer fabricated on the LAPS surface. The encapsulation of

LAPS is much less critical than with ISFETs since no metal contact is formed on the

surface and the extremely flat surface makes it possible to incorporate it into a very
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small volume chamber. Beside pH detection, it has been used for the detection of

heavy metals. An integrated electronic tongue device including a multiple LAPS

(MLAPS) and two groups of electrochemical electrodes was developed. The

MLAPS used a chalcogenide thin film for simultaneous detection of Fe(III) and

Cr(VI) ions, detecting other heavy metal ions in wastewater or seawater by strip-

ping voltammetry.40

14.3.1.3 Capacitive Sensors

Capacitive miniaturised sensors are based on the charge carrier distribution at an

insulator–semiconductor interface, which is controlled by an external voltage (Vds),

with a superimposed voltage (Vgs), the capacity of the space-charge-layer then

being measured and leading to an integral capacitance–voltage (C–V) curve.

Electrochemical interaction at the phase boundary between electrolyte and

sensing layer leads to a shift of the C–V characteristic, which can be used as a

quantitative sensor signal. Dielectric oxide materials such as Al2O3 and Ta2O5 can

be utilised as pH-sensitive gate insulators for such capacitive electrolyte–insulator–

semiconductor structures.28 Two examples from the literature are as follows. First,

a cyanide biosensor based on a pH-sensitive structure with immobilised cyanidase

enzyme was prepared and successfully applied.41 Secondly, a capacitive enzyme

sensor using organophosphorus hydrolase was developed for the direct determina-

tion of organophosphate pesticides.42

14.3.2 Chemiresistors

As their name suggests, chemiresistors involve making a measurement of change of

resistance as a result of a chemical reaction. Traditionally MOS are used as the

selective layer for gas adsorption and reaction (see Fig. 14.4).

The operating principle is as follows. Gas adsorption on the surface of the metal

oxide changes its electrical resistance, and if these gases are oxidising or reducing,

the electron transfer at the surface also changes the resistance. Such surface

interactions occur at elevated temperatures. Under the best conditions, the change

in sensor resistance is a linear function of analyte concentration. If a correct sensing
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surface can be made, then application can be made to environmentally dangerous

pollutants as well as other species. There is clearly a relation between the fabrica-

tion and some characteristics of chemiresistors with the MOSFETs used in

ChemFETs. A comparison of the potentialities of the two techniques is thus

possible, as reviewed in reference (43)

Within a review on applications of sensors in environmental analysis, the current

situation in 2007 was examined with respect to applications of chemiresistors.44 It

was pointed out that the measurement of ppb concentrations of gases was needed,

requiring sensitivity enhancement as well as the ability to measure several species

simultaneously. This implicitly means the change of the selective layer from aMOS

to another material. Some of these challenges have been addressed, and in recent

years, since 2011, there has been an increase in the number of publications on

chemiresistors, some of them relying on the use of single-walled carbon nanotubes

(SWCNT) to increase surface area and thence sensitivity as well as modifying with

biological receptors to increase selectivity.45 Some of these recent examples are

now indicated.

Low concentrations of ammonia in urban environments were measured, at room

temperature, using chemiresistor gas sensors modified by SWCNT; concentrations

of 20 ppb were measured and the detection limit was estimated as 3 ppb.46 Trace

amines in the vapour phase at sub-ppb levels were measured by a robust p-type
organic nanofibril composite material obtained by surface doping.47

Nanometre-thick polyaniline films were used in the fabrication of

chemiresistors, with a highly accessible surface geometry that enhanced ammonia

and nitrogen dioxide gas adsorption and promoted surface reaction/interaction.48

Conducting polymers in chemiresistor sensors for sensing hazardous hypergolic

liquid propellant vapours and toxic exhaust plume acidic vapours of solid rocket

motors (nitrogen oxides, hydrazines and toxic HCl vapours) at explosive, toxic and

threshold limit value concentration levels have been reviewed.49

The problem of selective, multicomponent analysis in complex samples has also

been addressed. Spectral analysis in the frequency domain with quadratic discrim-

inant analysis was used to improve signal recognition in relation to simple steady-

state amplitude analysis and was applied to recognise combustible analytes such as

acetone, toluene and ethanol.50

14.4 Piezoelectric Transducer-Based Sensors

The piezoelectric effect is the generation of an electrical charge in a material as the

result of a mechanical force exerted on it. Many materials exhibit the piezoelectric

effect, for example, quartz, synthetic ceramics such as lead titanate, poly(vinyli-

dene fluoride) and sucrose; the opposite is called the reverse piezoelectric effect. If

an alternating voltage of the required frequency is applied to a piezoelectric

material, then a mechanical resonance occurs that emits an electrical signal at a

very precise frequency. Such crystal oscillators, nowadays nearly all based on

14 Other Types of Sensors: Impedance-Based Sensors, FET Sensors, Acoustic Sensors 363



quartz, have a stable clock signal and are used in watches and clocks, radios,

computers and cellphones and in signal generators, oscilloscopes, etc. Extensive

details of the theory and applications of piezoelectric transducers can be found in

reference (51).

The resonance phenomenon can also be used for chemical sensors, where

species are deposited, adsorbed or absorbed within a sensor layer on the surface

of the quartz crystal. This is the basis of the quartz crystal microbalance, bulk

acoustic wave (BAW) sensors and surface acoustic wave (SAW) sensors. Nor-

mally, for chemical sensing applications, an AT-cut quartz crystal is employed at

resonance frequencies varying between 1 and 10 MHz.

14.4.1 Quartz Crystal Microbalance (QCM)

If mass is deposited on the surface of a quartz crystal and leads to a rigid deposit,

then the shift (reduction) in resonant frequency is given by the Sauerbrey

equation52:

Δf ¼ � 2f 20
A
ffiffiffiffiffiffiffiffiffiμqρq

p Δm

where f0 is the resonant frequency (Hz),Δf the frequency change (Hz),Δm the mass

change (g), and A the piezoelectrically active crystal area. For AT-cut quartz, ρq is
the density of quartz (2.648 g cm�3) and μq is the shear modulus of quartz for

AT-cut crystals (2.947� 1011 g cm�1 s�2) which leads to Δf¼�2.91� 108 Δm.
If the quartz crystal is put in contact with a viscous liquid (Newtonian liquid) at

one of its surfaces, then the Kanazawa equation53 applies:

Δf ¼ �f
3=2
0

ρliqηliq
πμqρq

 !1=2

where ρliq is the density of the liquid of viscosity ηliq. Thus, immersion of a quartz

crystal in solution from air will lead to a reduction in frequency, as will further

interaction on the surface with a non-rigid medium (a viscoelastic effect) such as a

polymer, protein or other biological molecule. This demonstrates that it is not

correct in such circumstances to assume a direct proportionality between frequency

and mass changes, as given by the Sauerbrey equation, and this must be investi-

gated. If deposition leads to a rigid film, then the QCM can be used directly as a

mass sensor.

For a 10 MHz crystal, a frequency change of 1 Hz corresponds to approximately

4 ng cm�2 and the crystal thickness is around 0.16 mm. Crystals are normally

supplied in the form of discs of diameter approximately 1 cm. Usually they are

coated on both sides with gold by sputtering and connected to the oscillator
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electrical circuit (see Fig. 14.5). The back side is isolated from the exterior and the

front side is exposed to the environment. The external gold layer is used to anchor

modifier layers, particularly through thiol groups; other metals can be used as

electrodes, but are less common.

The potentialities of the surface of the QCM as a sensitive way of interacting

with the environment either directly or after modification was realised early on, see

reference (54), particularly in a biosensor context. Several more recent examples of

the QCM sensors and biosensors will illustrate the types of application. Sometimes

the designation bulk acoustic wave (BAW) sensors is employed to refer to the QCM

sensing principle.

Phthalocyanine coatings on QCM sensors were used for the detection of low

ppm levels of organic compounds in waters.55 Gold nanoparticles were self-

assembled onto the QCM surface leading to a micromolar detection limit, the

QCM sensor then being applied to the analysis of copper contamination in drinking

water.56

Piezoelectric biosensor arrays for dioxins have been reported, the sensor sur-

faces using different pentapeptides as biomimetic traps (receptors) and measuring

the changes in mass.57 Recently, a protocol to fabricate acoustic micro-

immunosensors based on a QCM was described and used to measure carbofuran

or atrazine as antigens on a surface functionalised with monoclonal anti-carbofuran

or with anti-atrazine IgG antibodies.58 A similar antibody–antigen approach for

parathion is described in reference (59).

In the electrochemical quartz crystal microbalance (EQCM), the QCM surface in

contact with the external medium is simultaneously used as a working electrode in

an electrochemical circuit (see Fig. 14.5). This enables frequency changes and

Electrode (oscillation circuit) and electrochemical cell working electrode

AT-cut quartz wafer

Electrode (oscillation circuit)

Electrolyte solution

Fig. 14.5 Design principle of the electrochemical quartz crystal microbalance. The electrodes are

most commonly of gold
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voltammetric data to be acquired at the same time, helping the elucidation of

complex electrode processes.60 Modifying the electrode surface leads to interesting

possibilities and higher selectivity61 and is particularly interesting for following the

formation of conducting polymers by potential cycling.62 Another interesting

example is following the formation of self-assembled layer-by-layer structures

where the voltammetric, electrochemical impedance and frequency change data

can all be correlated to enable conclusions to be made concerning monolayer

reorganisation while the multilayer build-up process is occurring, e.g. with myo-

globin and hyaluronic acid.63

Examples of the direct use of EQCM in analysis are not many, most of the

reports being devoted to use for characterisation of the analytical process which is

then carried out voltammetrically. For example, the growth of thermally responsive

surface-attached hydrogels for amperometric glucose biosensors was investigated

by EQCM.64 An EQCM was used to investigate the mass changes accompanying

phenol oxidation catalysed by a lutetium bisphthalocyanine (LuPc2) film-modified

Pt/quartz electrode, with a view to application in wine analysis.65 Finally, zinc

porphyrins were electropolymerised on an EQCM which was then used to deter-

mine the alkaloids nicotine, cotinine and myosmine under flowing conditions.66

14.4.2 Surface Acoustic Wave (SAW) Sensors

QCM sensors (or BAW sensors) concern probing alterations to the bulk properties

of the piezoelectric crystal. If an acoustic wave is made to travel along the surface

of the substrate, then a surface acoustic wave (SAW) sensor can be produced.

The operation of a SAW device is based on acoustic wave propagation near the

surface of a piezoelectric solid, which implies that the wave can be trapped or

otherwise modified while propagating.67 Since the displacements decay exponen-

tially away from the surface, most of the wave energy (usually more than 95 %) is

confined within a depth equal to one wavelength. A basic SAW device consists of

two interdigital transducers (IDT) on a piezoelectric substrate such as quartz. The

input IDT launches and the output IDT receives the waves. The width of the

electrodes usually equals the width of the interelectrode gaps giving the maximum

conversion of electrical to mechanical signal, and vice versa. The minimum elec-

trode width achieved is around 0.3 μm, which determines the highest frequency of

around 3 GHz: frequencies can vary between 10 MHz and 3 GHz.

SAW devices are very widespread and just two recent examples in the chemical

context will be given. First, a novel analytical sensing system was designed using a

SAW device for the characterisation and discrimination of different detergents in

water with possible future application in environmental management.68 Second, a

new phthalocyanine chemoselective material was coated on a 300 MHz SAW

device using cyclic voltammetry for the selective and sensitive detection of sarin

vapour.69 The field of SAW physical and chemical sensors is large both commer-

cially and in terms of new research.
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14.5 Conclusions

In this chapter, the basis of techniques based on the measurement of electrical

properties of electrode–solution, modified electrode–solution or solid–solution

interfaces has been discussed. It has been demonstrated how they can be employed

for characterisation of chemical systems and for analysis through selected exam-

ples. There has been an upward trend in the use of all the types of sensor and sensing

techniques described, which can be expected to continue in the future.
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Chapter 15

From Macroelectrodes to Microelectrodes:

Theory and Electrode Properties

Salvatore Daniele and Carlo Bragato

15.1 Introduction

Voltammetry involves the application of a potential that varies with time and the

measurement of a current that flows between a working and a reference electrode.

Voltammetry can therefore be defined as the exploration of the three-dimensional

space that relates to potential, current, and time.1 However, under suitable circum-

stances, simplified conditions can lead to a unique relation, not involving time,

between current and potential; such situation provides the so-called steady-state

voltammetry.2

Voltammetric techniques date back to the early of nineteenth century, following

the experiments made by Heyrovsky in 1922, and when, for the first time, he

showed that by measuring the current while the potential of a dropping mercury

electrode (DME) was changed, it was possible to obtain information on the nature

of the species in the solution that were reduced at the electrode surface. This

technique, called polarography, was used for analytical applications, especially of

metal ions. The term voltammetry was first introduced in 1940 to describe exper-

iments, similar to those made at a DME, performed at a solid working electrode.1

Many variations of the basic polarography were developed during the 1940s and

early 1950s. Pulsed waveforms in conjunction with DMEs or static mercury

electrodes have been developed and largely applied for analytical investigations.1

The pulsed techniques were aimed at decreasing the contribution of the capacitive

current, which originates from charging the electrical double-layer capacitance that

exists at the interface between the electrode and the solution. The charging current

is non-faradaic and produces baseline current that must be subtracted in
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voltammetric measurements to improve the sensitivity, especially for trace species

analysis.3

A further impetus in the development of voltammetric techniques has been

recorded during the 1980s with the advent of much smaller, than previously

employed, electrodes, which were of millimeter size. The smaller electrodes have

micrometer size and are commonly referred to as either ultramicroelectrodes

(UMEs) or, simply, microelectrodes (MEs).4–13 Since then, the field of MEs has

generated enormous excitement and has seen a huge increase in popularity with the

rapid developments in nanofabrication capable of preparing well-defined electrodes

of sub-micrometer size down to a few nanometers.14, 15 Such very small electrodes

are nowadays defined nanoelectrodes (NEs). The latter category, normally, includes

all electrodes that possess at least one dimension less than 100 nm.15 It must be

considered that the main properties of both MEs and NEs come from a common

operational characteristic. It involves the circumstance that under given experimen-

tal conditions, the diffusion layer thickness is thicker than the characteristic length

of the electrode.12

This chapter is concerned with methods in which a constant potential or a

potential varied with time is applied to either millimeter sized (called conventional

electrodes) or MEs and the ensuing current response as a function of time or

potential is measured.

15.2 Mass Transport and Electrode Geometry

A typical electrode reaction involves the transfer of charge between an electrode

and a species in solution. The whole process involves a series of steps, including the

electron transfer at the electrode surface and the movement of reactant in and out of

the interface, that is, the mass transport within the solution. Both phenomena are

important in predicting the current flowing in the electrochemical cell. The model

of the electrode kinetics predicts that the rate of the electron transfer is affected by

the electrode voltage through an exponential relationship.3 The current therefore,

over a potential region, also increases exponentially by increasing the electrode

potential. The current increase is limited by the mass transport of both reactant and

electrode reaction product (see Chap. 10 for details).

There are three forms of mass transport which can influence an electrolysis

process:

• Diffusion

• Convection

• Migration

Diffusion occurs in all solutions and arises from local uneven concentrations of

reagents. It is particularly significant in an electrolysis experiment since the con-

version reaction only occurs at the electrode surface. Consequently, there will be a

lower reactant concentration at the electrode than in bulk solution. Similarly, a
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higher concentration of product will exist near to the electrode than further out into

the solution.

Convection originates from the action of a force on the solution. There are two

forms of convection. The first is termed natural convection and is present in any

solution. This natural convection is generated by small thermal or density differ-

ences and acts to mix the solution in a random and therefore unpredictable manner.

In the case of electrochemical measurements, these effects tend to cause problems if

the measurement time for the experiment exceeds 20 s.3 The second type is termed

forced convection. It is typically several orders of magnitude greater than any

natural convection and therefore effectively removes the random aspect, due to

natural convection, from the experimental measurements. This of course is only

true if the convection is introduced in a well-defined and quantitative manner.3

Migration is essentially an electrostatic effect which arises due the application of

a voltage at the electrodes. Any charged species near that interface will either be

attracted or repelled from it by electrostatic forces.

Due to ion solvation effects and diffuse layer interactions in solution, migration

is usually difficult to calculate accurately for real solutions. Most electrochemical

measurements, therefore, are performed in solutions which contain a background

electrolyte that does not undergo electrolysis itself but helps to shield the reactants

from migratory effects. By adding a large quantity of the electrolyte (relative to the

reactants), it is possible to ensure that the electrolysis reaction is not significantly

effected by migration.

On the above basis, it is evident that to gain a quantitative model of the current

flowing at the electrode, one must account for the electrode kinetics, the three-

dimensional diffusion, convection, and migration contributions of all the species

involved.

The total mass transport of a given species i is given by the flux, Ji (mol s�1

cm�2), to an electrode and is described by the Nernst-Planck equation3:

Ji ¼ �Di∇Ci � ZiF

RT
DiCi∇ϕþ vCi ð15:1Þ

The flux is related to the current through

Ji¼
i

nFA
ð15:2Þ

The solution of Eq. (15.1) is difficult and currently is beyond the capacity of

even the fastest computers. However, electrochemical experiments can be designed

to eliminate the contributions of electrostatic potential and hydrodynamic velocity

to the overall flux of electroactive species, limiting mass transport to the contribu-

tion from diffusion. The currents resulting from these experiments can then be

classified as diffusion controlled.3

Contributions from migration can be effectively eliminated by adding an inert

electrolyte to the solution at a 10–100-fold excess with respect to the redox couple
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of interest. The electric field between the two electrodes involved in the measure-

ment is dissipated over all of the ions in solution and not just the electroactive

material. Under these conditions, the contribution of migration to the observed

current is <1 %. Contributions from convection can be reduced or eliminated by

working in quiescent solutions. With careful control of external vibration and

temperature, diffusion controlled measurements for up to 20 s or close can be

made without significant convective effects.3

In the following section how the diffusion mass transport will control the current

at electrodes of different sizes and geometries will be described.

15.3 Diffusion Equations and Current Responses

Fick’s first and second laws describe the flux of a species and its concentration as

functions of time and position, respectively. The general formulations of Fick’s

laws for the species O at any geometry are:

JO ¼ �DO∇CO ð15:3Þ
∂CO

∂t
¼ DO∇2CO ð15:4Þ

Although the diffusion equations require, in general, three spatial coordinates to

describe the mass transport, in the cases of an infinite plane, a sphere, and an

infinitely long cylinder, the boundary allows a reduction from three to one of the

number of spatial coordinates. These geometries simplify the Laplace operator so

that Eqs. (15.3) and (15.4) acquire simpler forms. The concentration gradient at the

electrode surface is obtained by solving Fick’s second law, and Table 15.1 shows

the simplified forms of the diffusion equations for such electrode geometries. For

planar diffusion x is the spatial coordinate directed to the boundary ad having its

origin at the boundary surface (Fig. 15.1a). In the case of spherical (Fig. 15.1b) and

cylindrical geometries, r represents the radial distance from the electrode center.

The solution of these equations, under appropriate boundary conditions, yields the

Table 15.1 Diffusion

equations for different

electrode geometries

Electrode geometry Diffusion equation

Planar ∂c
∂t ¼ D ∂2c

∂x2

� �
T1,1

Sphere, hemisphere ∂c
∂t ¼ D ∂2

c
∂r2 þ 2

r
∂c
∂r

� �
T1,2

Cylinder ∂c
∂t ¼ D ∂2

c
∂r2 þ 1

r
∂c
∂r

� �
T1,3

Microdisk ∂c
∂t ¼ D ∂2

c
∂r2 þ 1

r
∂c
∂r þ ∂2

c
∂z2

� �
T1,4

Band ∂c
∂t ¼ D ∂2c

∂x2 þ ∂2c
∂z2

� �
T1,5
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concentration profiles, C(x,t), i.e., the change of concentration of that species as

functions of the distance and time. Boundary conditions, in turn, depend on the

electrochemical experiments performed.

15.3.1 Application of a Potential Step

The experiment of interest involves stepping the potential from an initial value,

where no electrode reaction occurs, to one at which electrolysis proceeds at

diffusion controlled rate. The general reaction considered is:

Oþ neÆ R ð15:5Þ

and the electrode is placed in a semi-infinite solution containing only the

electroactive species O of concentration C�
O. The semi-infinite condition highlights

the fact the volume of the electrolytic solution is much larger than the electrode size.

It is also assumed that a sufficient negative potential is applied at the working

electrode so that the surface concentration of O becomes equal to zero, regardless

of whether the kinetics of the process is facile or sluggish. Examples of boundary

conditions, which are valid under the electrochemical experiment outlined above, are

CO x; 0ð Þ ¼ C�
O for all xð Þ Initial conditions

CR x; 0ð Þ ¼ 0 for all xð Þ Initial conditions

lim
x!1CO x; tð Þ ¼ C�

O at all tð Þ Semi‐infinite conditions

lim
x!1CR x; tð Þ ¼ C�

R at all tð Þ Semi‐infinite conditions

Equations for planar (T1,1 in Table 15.1) and spherical (T1,2 in Table 15.1)

electrodes can be solved using the Laplace transform technique to give, after

considering Eq. (15.2), the time evolution of the current (it).

r0

r 

Electrode

x

a b

Fig. 15.1 Diffusion mass transport to: (a) planar electrode; (b) spherical electrode
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For a planar electrode, the solution is known as the Cottrell equation and predicts

that the current is inversely proportional to t1/2

it ¼
nFAD

1
2

OC
�
O

π
1
2t

1
2

ð15:6Þ

The reason for the current decay can be explained considering how the concen-

tration profile of the reagent species, near to the electrode surface, varies with time.

The concentration profiles are given by

CO x; tð Þ ¼ C�
Oerf

x

2
ffiffiffiffiffiffiffiffi
DOt

p
� 	

ð15:7Þ

where erf is the error function. Figure 15.2 displays several plots of the normalized

concentration CO/C
�
O against distance for various times. It is evident that in the zone

near the electrode, the concentration differs from that in the bulk and approaches

the latter value asymptotically. It occurs at a distance from the electrode surface,

and is defined diffusion layer thickness (δ). As is also evident from Fig. 15.2, δ
spreads gradually into the solution as the time increases; the concentration gradient

at the electrode surface decreases and overall the current decreases as the time

lapses and, theoretically, falls to zero for t!1.

The distance at which the species O can diffuse in time t can be predicted

by δ¼ (DO t)1/2 1 and the distance from the electrode at which the diffusion layer

thickness is completely contained is within about 6(DO t)1/2.3

0 20 40 60 80 100
0,0

0,2

0,4

0,6

0,8

1,0

t=2t=1

t=0.1
t=0.01

x /μm

t=0.001

C
O
 (
x,

t)
 /
 C

O
*

Fig. 15.2 Concentration profiles for a potential step experiments at different step times. Calcu-

lations refer to a species having DO¼ 7� 10�6 cm2 s�1

1 In the literature, δ is also estimated as (2DOt)
1/2 and (πDOt)

1/2.
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The conditions for planar diffusion are theoretically fulfilled only if the electrode

surface is very large. In case of finite disk electrodes, edge effects arise and linear

diffusion is no longer linear overall the electrode surface (Fig. 15.3). Diffusion also

develops parallel to the electrode surface in the radial direction. However, if the

radius of the disk electrode is large enough with respect to the diffusion layer

thickness (as is the case of common employed disk electrode of millimeter size),

edge effects can be neglected and Cottrell equation accurately accounts for the

current profile at the electrode surface. These electrodes are nowadays called either

conventional or macroelectrodes.3–12

Returning to a spherical electrode, the solution of the diffusion equation T1,2

provides3

i tð Þ ¼ nFAC�
O

ffiffiffiffiffiffiffi
DO

pffiffiffiffiffiffiffiffi
π � tp þ nFADOC

�
O

r0
ð15:8Þ

which contains both a time-dependent term and a time-independent term. Thus,

contrary to the planar electrode, the diffusion current at a spherical electrode

approaches a constant value for t! 0. The time-dependent term is prevailing at

short times, where the constant term contributes negligibly to the overall current,

and Eq. (15.8) reduces to the Cottrell relationship (15.6). At long times, the

transient term has decayed to a negligible value and the overall current is steady

state and is given by the equation:

i ¼ 4πnFDOC
�
Or0 ð15:9Þ

The reason for such behavior can be understood by considering the concentra-

tion profile that establishes to the surface of a sphere given by3

Fig. 15.3 Diffusion flux and concentration profiles at a conventional disk electrode 2 mm

diameter. Simulated by the use of COMSOL Multiphysics 3.5
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CO r; tð Þ ¼ C�
O 1� r0

r
erfc

r � r0
2
ffiffiffiffiffiffiffiffi
DOt

p
� � 	

ð15:10Þ

The main difference between the latter and Eq. (15.7) is the factor r0/r, while
(r�r0) is the distance from the electrode surface, similar to x for a planar electrode.
When the diffusion layer is very thin, r is small compared to r0; the linear and

spherical diffusion situations are practically indistinguishable. On the other hand,

when the diffusion layer grows and becomes much larger than r0 (i.e., (r�r0)� 2
(DOt)

1/2), it can be shown that the concentration profile is given by3

CO r; tð Þ ¼ C�
O 1� r0=rð Þ

and the concentration gradient at the electrode surface is proportional to C�
O/r0; this

provides the steady-state current.

From a practical point of view, the use of Eq. (15.8), or one of its limiting forms,

depends on the electrode size. In fact, linear diffusion describes adequately the mass

transport at the electrode surface provided that the radius of the sphere is large

enough and the time is relatively short. If, for instance, we consider the case of a

hanging mercury electrode (i.e., an almost spherical electrode) 0.1 cm radius,

immersed in a solution containing an electroactive species having a diffusion

coefficient value of 1� 10�5 cm2 s�1, Cottrell equation predicts, with 10 % accu-

racy, the current recorded within 3 s. For longer electrolysis times, the steady-state

term starts to contribute significantly. Instead, the prevailing of the steady-state

term for such large electrode would require much longer times, so that natural

convection would prevent its fully achievement.3 The achievement of both short-

time and long-time limits at spherical electrodes is made possible with the use of

MEs (vide infra).
The third type of electrode that involves only a single dimension of diffusion is

the cylindrical electrode, and the diffusion equation is shown in Table 15.1 (equa-

tion T1,3). Practical electrodes with such a geometry are made by fine metal or

carbon wires connected to a conducting bigger wire with silver epoxy.3, 8–11 Their

behavior, therefore, falls within the category of MEs. Theoretical relationships for

predicting current responses at such geometry will be considered in more detail in

the MEs section.

15.3.2 Linear Sweep (LSV) and Cyclic Voltammetry (CV)

In voltammetry, the potential changes linearly with time (Fig. 15.4a), starting from

an initial potential Ei (usually, where no electrode reaction occurs). Eventually,

after reaching a potential Eλ, the sweep is reversed and the potential returns linearly

to its initial value (Fig. 15.4b). Thus, in LSV or in the forward scan in CV, the

potential at any time is given by E(t)¼Ei � v t, where v is the sweep rate (or scan

380 S. Daniele and C. Bragato



rate) in V s�1. The experiment is considered for reaction (15.5), and it is assumed to

be Nernstian (i.e., reversible) in character. For planar and spherical electrodes, the

solution of the diffusion equations T1,1 and T1,2, with the appropriate boundary

conditions and the applications of numerical methods,3 provides the Eqs. (15.11)

and (15.12), respectively:

i ¼ nFAC�
O πDOσð Þ1=2χ σtð Þ ð15:11Þ

i ¼ nFAC�
O πDOσð Þ1=2χ σtð Þ þ nFADOC

�
Oϕ σtð Þ

r0
ð15:12Þ

where:

σ ¼ nF
RT


 �
v; χ(σt) and ϕ(σt) are tabulated values.3

Equation (15.11) indicates that the current depends on v1/2 (and consequently on
time) in case of the planar electrode; whereas, again, for the spherical electrode,

there are two terms: the first is the same as for the planar electrode and the second

represents the spherical correction. For conventional spherical electrodes (i.e.,

hanging mercury electrodes) and values of v relatively large, the planar contribution
is much larger than the spherical correction. Under these conditions the spherical

E

i Ep

Ei

E2

c

ipc

ipa

Epc

Epa

d

E

i

E

time

a

El

time

E

b

Ei = Ef

Ei

t0

E2

Fig. 15.4 Waveforms for (a) LSV and (b) CV; current against potential profiles for (c) LSV and

(d) CV (for an oxidation process)
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electrode can be consider planar. The current against potential curves for such cases

under LSV and CV conditions is shown in Fig. 15.4, which displays the typical

peak-shaped profiles both for the forward and backward scans.

The peak current of the LSV (or that of the forward scan in CV) is given by:

ip ¼ 0:4463
F3

RT

� 1=2

n3=2AD
1=2
O C�

Ov
1=2 ð15:13Þ

and the backward (ipc) to forward (ipa) peak current ratio, ipc/ipa, is equal to 1 for a

Nernstian wave with a stable product.

15.4 Diffusion at MEs

Microelectrodes, as mentioned in Introduction, are electrodes with characteristic

dimensions on the micrometer or sub-micrometer scale.4–15 An operational defini-

tion of ME has been recommended by IUPAC in 2000s in Pure and Applied

Chemistry.12 Practically, it includes any electrode with at least a linear dimension,

called critical dimension, that falls in the micrometer and sub-micrometer size.

Thus, microelectrodes can be of different geometries, and Fig. 15.5 shows schemes

of some of those for which theoretical treatment exists and equations of current as a

function of time or potential have been derived.

The experiments using MEs are similar to those described above in the previous

section, which essentially hold for conventional or millimeter-sized electrodes.

However, as an electrode is miniaturized to micrometer or even sub-micrometer

size, semi-infinite planar diffusion gradually transforms into semi-infinite radial

diffusion (Fig. 15.6). Longer experiments produce the same phenomenon. Because

of the time-dependent change of the diffusion profile, the solid angle developed by

the diffusion layer in front of the electrode increases and grows considerably

relative to the electrode surface. For this reason, more electroactive species per

unit of time and area reach the electrode surface with respect to the planar electrode.

Moreover, the flux in and out of the volume eventually becomes stationary and the

diffusion layer stops growing. This implies the achievement of a steady-state

current at long times.4–15 The time needed to reach a steady state depends, however,

on the geometry and size of the microelectrode.

From the above qualitative considerations, it appears that the mass transport to

microelectrodes, apart from a few cases, is complicated theoretically, and in the

next sections, we describe the current-time and current-potential equations, which

have been derived by using either analytical solutions or simulation procedures for

MEs having the geometries depicted in the scheme of Fig. 15.5, which have been

largely employed for practical applications. Detailed information on how MEs and

NEs can be fabricated can be found in several reports and reviews.9, 10, 13–16
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15.4.1 Diffusion-Controlled Current-Time Responses
for Application of a Potential Step

Spherical and hemispherical microelectrodes are the simplest cases, as the diffusion

equation is T1,2, i.e., same as that described for conventional spherical electrodes.

Thus, the first term (i.e., the Cottrell equation) dominates at short times, where the

diffusion layer is thin with respect to the electrode radius. At longer times, the

second term dominates and the diffusion layer grows much larger than r0.
Many applications of MEs are based on steady-state currents, and therefore

Table 15.2 shows the equations that predict steady-state currents for both spherical

and hemispherical MEs (T2,2 and T2,3, respectively). Moreover, an equation has

been derived that allows establishing the time (tε) needed to achieve a steady state

within a ε % closeness for a spherical ME2:

Fig. 15.5 Microelectrode configurations: (a) disk, (b) cylinder, (c) hemisphere, (d) band, (e) ring,

(f) sphere cap, (g) cone, (h) nanopore, and (i) recessed microelectrode
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tε ¼ 104d2= π3Dε

 � ð15:14Þ

where d is the electrode diameter and D is the diffusion coefficient of the

electroactive species. Table 15.3 shows examples of timescales estimated with an

error of 5 % for various spherical MEs of different sizes, where the current follows

the Cottrell or the steady-state behavior (Table 15.3).

The microdisk (Fig. 15.7) is the most popular electrode for practical applica-

tions, as it can be fabricated easily, for instance, by encapsulating carbon fibers or

metal wires in glass capillaries and then polishing the tips to expose the microdisk

surfaces.9, 13 However, theory is complicated because diffusion occurs in two

dimensions, either normal to the electrode plane (z-axis) or radially (r direction)
with respect to the axis of symmetry (Fig. 15.7). As a consequence, the current

density is not uniform across the electrode surface, it being larger at the edge. The

diffusion equation for this geometry is written in cylindrical coordinates (T1,4 in

Table 15.1). This choice allows to account for the behavior of the disk ME either at

short times, where the diffusion layer is almost parallel to the electrode surface,

except to the edge, and z becomes the predominant variable, or at long times, where

the diffusion layer grows to a hemi-circle, and it is accounted for the radial

coordinate that becomes predominant.

The solution of equation T1,4 is not easy and, therefore, approximate analytical

solutions have been derived. The analytical expressions derived by Aoki and

Osteryoung and, later on, by Shoup and Szabo (equations T2,4–6 and T2,7, respec-

tively, in Table 15.2) are commonly employed for practical applications. They

contain the parameter, τ, that can be regarded as a dimensionless time:

Table 15.3 Estimate of the timescales where a pure Cottrell (a) behavior or a steady-state

(b) response for various microsized spheres is attained

Diameter/μm (a) Cottrell response (b) Steady-state response

0.05 <2.5 ns >0.4 ms

0.5 <0.25 ms >40 ms

5 <25 μs >4 s

50 <2.5 ms >400 s

Fig. 15.7 Geometry of

diffusion at a microdisk

electrode
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τ ¼ 4DOt

a2

where a is the microdisk radius. The function f(τ) in equation T2,4 assumes two

forms for large (i.e., τ> 1) or small (i.e., τ< 1) values of τ and corresponds to long
or short times, respectively. It was also verified that the two curves overlap in the

domain: 0.82< τ< 1.44. More convenient is the single expression T2,7, which

covers the entire range of τ. From these equations two limiting forms, as for

spherical microelectrodes, can be derived for t (or τ)! 0 and t (or τ)!1. At

short times equations T2,5 and T2,7, along with T2,4, reduce to the Cottrell relation-

ship, while at long times, equations T2,5 and T2,7, along with T2,4, converge to a

steady-state current given by T2,8. It is useful to mention that the latter result for the

microdisk was derived first by Saito by the method of the Bessel expansion.17

By analogy to the rigorous result for the spherical microelectrodes and in view of

the same functional form, it is possible to estimate the current at microdisks, over a

large timescale range, as the combination of the Cottrell and the steady-state terms:

it ¼
nFAD

1
2

O � C�
O

π
1
2t

1
2

þ 4nFDOC
�
Oa ð15:15Þ

This approximate relationship is accurate at the short- and long-time regimes,

while it deviates from the results reported by Aoki and Osteryoung by only a few

percent at intermediate-time regimes. The largest error of 7 % occurs for electrol-

ysis time corresponding at τ¼ 1.

The cylindrical ME, as for the microsphere, involves only a single dimension of

diffusion. The corresponding expression of Fick’s second law is equation T1,3

(in Table 15.1), and its solution, with the boundary conditions as those employed

for the spherical electrode, provides an integral that can be evaluated analytically

for short and long times, whereas it must be integrated numerically for intermediate

times18 (Table 15.2, T2,10). This equation contains the parameter θ¼Dt/r0 and is

valid within 1 % error for θ< 106. The � in T2,10 denotes + for log(θ)� 1.47 and�
for log(θ)< 1.47.18 A more practical approximate equation, which is valid within

1.3 % error at any time, has also been derived (equation T2,9 in Table 15.2).19 This

equation contains the parameter τ¼ 4Dt/r0
2 and, as it occurs for a sphere, it displays

two limiting situations. In the short-time limit, T2,9 reduces to the Cottrell expres-

sion, as in this situation, the diffusion layer thickness is small compared to the

curvature of the electrode. In particular, for τ not larger than circa 0.01, the

diffusion layer is not greater than ~10 % of r0. In the long-time limit, the current

can be predicted by equation T2,11, which still contains the parameter τ. Therefore,
it is not a steady state. However, the current shows a logarithmic dependence of the

time and declines rather slowly, so that it assumes a quasi-steady state.

A band microelectrode is a two-dimensional diffusion system in which the

length of the electrode is very much larger than the width. The coordinate system

used to treat the diffusion problem at this geometry is shown in Fig. 15.8 and
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highlights that diffusion essentially occurs only along the x- and z-axes. This, as for
the microdisks, causes the current density to be distributed nonuniformly and is

especially infinite at the edge of the electrode.

Analytical expressions for the current-time curves have been derived for long

and short times.11 These are in the form of a series expansion, difficult to handle.

A more convenient relationship that represents the two expansions as a closed form

has also been derived (Table 15.2, T2,12). It contains the dimensionless parameter

θ¼Dt/w2, where w is the band width and is valid for θ< 108.20, 21 Again, as it can

now be expected, at short times, the current converges to the Cottrell equation; at

long times the current approaches a limiting form, which, as for the cylindrical

electrodes, contains the logarithmic dependence on t. Thus, also the band ME does

not provide a true steady-state current at long times. An approximate, but simple,

relationship for the long-time current has been derived by applying to the band ME

an analogous treatment as for a hemicylinder.19 In particular, it was noted that the

current at a band of length l and width w was identical to that of a hemicylinder of

length l and basal radius r0¼w/4. This correspondence has provided the relation-

ship T2,13 included in Table 15.2.

15.4.2 Mass Transfer Coefficient

As it has been discussed above, MEs display common features in the response of a

potential step experiment, regardless of the geometry. At short times, where the

diffusion layer is thin compared to the critical dimension of the ME, the current can

be predicted by the Cottrell equation and planar diffusion is prevailing. At long

times, where the diffusion layer is large compared to the critical dimension,

the current is steady state or quasi-steady state. Under the latter conditions, the

current at the MEs is related to the mass transport coefficient, mO, through

i ¼ nFmOC
�
O

l >> w 
w 

z

x 

Fig. 15.8 Geometry of diffusion at a microband
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The mass transfer coefficient mO represents the diffusion rate at the electrode

surface and depends on the geometry as is shown in Table 15.4 for some of the

MEs considered above. Thus, as can be easily inferred from the latter in the table,

for extremely small electrodes, as is the case of NEs, the diffusion rate, and

consequently, the current density, can be extraordinarily high.

15.4.3 Current-Potential Responses at MEs

MEs in LSV or CV produce the same phenomena as in the potential step experi-

ments. In these techniques, the transition from planar to radial diffusion, for a given

ME and electrode geometry, is achieved by reducing the scan rate. The faster the

transition, the smaller the characteristic length of the ME. Figure 15.9 shows, for

instance, a series of CVs obtained at a microdisk electrode at different scan rates. It

is evident that at high v, the CV displays the peak-shaped voltammogram as for

planar electrodes; as the scan rate decreases, the CV becomes sigmoidal with the

forward and backward curves retracing one another. This is caused by the formation

of a stationary diffusion layer that is due to the high diffusion mass transport. The

current at the stationary state is essentially independent of scan rate and the

diffusion-limited current corresponds to that evaluated by a large potential step

experiment described above. Theoretical modeling of the current-potential profiles

at microelectrodes is usually difficult, and because of the complexity of the task,

numerical solutions or digital simulation procedures have often been used. The

only exception is the case of the spherical microelectrodes for which Eq. (15.12) (or

T2,1 in Table 15.2) can be applied.3

For disk,22 cylinder,23 and band24 microelectrode geometries, theoretical expres-

sions of the voltammograms have been derived as a function of the parameter, p,
which contains the characteristic dimension of the specific ME. Since the peak or

maximum current characterizes quantitatively the voltammograms, relevant

expressions are given and shown in Table 15.5. In general, for large values of p,
the equations T5,1–3 are identical with the equation for planar diffusion. For small

values of p, the latter equations approach those for the steady-state current

displayed in Table 15.2 for the corresponding ME geometry.

Table 15.4 Mass transfer coefficient for some microelectrodes of different geometry

Band Cylinder Disk Hemisphere Sphere

2πDO

wln 64DOτ=w2ð Þ
T4,1 2DO

r0lnτ
T4,2 4DO

πa
T4,3 DO

r0

T4,4 DO

r0

T4,5
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15.4.4 Steady-State Current at Miscellaneous ME

In this section the relationships for steady-state current of various microelectrode of

more complicated shapes are briefly described.
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Fig. 15.9 Simulated CVs for a microdisk 4 μm radius at different scan rates: (a) 1mVs�1;

(b) 200 mVs�1; (c) 2 Vs�1

Table 15.5 Voltammetric peak current for different electrode geometries

Electrode

geometry Peak (or maximum) current

Microdisk
i ¼ 4nFDOC

�
Oa 0:34exp �0:66pð Þ þ 0:66� 0:13exp �11

p

� 
þ 0:351p

� 	
p= (nFa2v/RTDO)

1/2

T5,1

Microcylinder
i ¼ n2F2C�

OAr0v

RT

0:446

p
þ 0:335

p1:85

� 
p= (nFr20v/RTDO)

1/2

T5,2

Microband
i ¼ nFC�

ODO 0:439pþ 0:713p0:108 þ 0:614p

1þ 10:9p2

� 	
p= (nFw2v/RTDO)

1/2

T5,3
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15.4.4.1 Sphere Caps

Sphere caps are a family of microelectrodes that share a common basal plane of

radius a and differ for the sphere-cap heights h (Fig. 15.10). A general expression

that predicts the steady-state limiting current has been derived by numerical results

and assumes the following form25–27:

id ¼ α a; hð ÞnFDC �
Oa ð15:16Þ

where α(a,h) is a shape-dependent factor that can be calculated by25–27

α a; hð Þ ¼ 2π

Z1
0

cosh x arctan h=að Þ½ 	
cosh x arctan a=hð Þ½ 	cosh πx=2ð Þ dx ð15:17Þ

Because the latter equation is not easy to handle, an algebraic equation that fits

Eq. (15.17) with good accuracy was sought. It was found the following simple

relationship28:

α a; hð Þ ¼ 4þ ln10
h

a

� 1:36

ð15:18Þ

Equations (15.17) and (15.18) assume the values of 4 and 2π for the cases h¼ 0
(i.e., a microdisk) and h¼ a (i.e., a hemisphere)25–27, and, therefore, the steady-

state limiting current exactly acquires the forms T2,8 and T2,3 for the microdisk and

microhemisphere, respectively.

These kinds of microelectrodes can be prepared by cathodic deposition of

mercury onto the surface of metal microdisks that are wettable by mercury. Details

on their preparation and characterization can be found in references (25, 28).

15.4.4.2 Microring

The ring electrode can be fabricated as a cross section of an insulating rod on which

metal is deposited in ultrathin film. The ring microelectrode can also achieve a

h

Inlaid 

disk 
2a

Fig. 15.10 Schematic view

of a sphere-cap family of

microelectrodes
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steady state and supports large average current densities. However, as for the disk, it

is characterized by nonuniform current density.29–31 The steady-state current at the

ring with an inner radius a and outer radius d is given by equation T2,14 in

Table 15.2. Since the current varies slightly with the thickness of the ring, it

depends almost on the radii rather than on the electrode area.

15.4.4.3 Recessed Microelectrodes and Nanopore Electrodes

In the recessed electrode, the active surface is located at the bottom of a hole.

Simple geometry of the electrode is a disk as is shown in Fig. 15.11. These

electrodes can be fabricated by etching the metal wires. The steady-state current

for such geometry is expressed by equation T2,15.
32

A geometry that is somewhat similar to a recessed ME is that of the nanopore

electrode (Fig. 15.12). This electrode geometry is characterized by the small pore

orifice, whose radius, a, can be varied between 5 nm and 1 μm; the pore depth, d;
and the half-cone angle ϕ. An approximate analytical expression for the steady-

state limiting current is given by equation T2,16 in Table 15.2.33

Fig. 15.11 Schematic view

of a recessed

microelectrode

Fig. 15.12 Schematic view

of a nanopore electrode
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15.4.4.4 Microelectrodes with Thin Shields

The interest for microelectrodes in which the insulating shields is of thickness

comparable to the electrode radius is largely driven by the use of microelectrodes as

tips in scanning electrochemical microscopy (SECM).34, 35 One of the characteris-

tic features of a thin-shielded microelectrode (TSM), with respect to microelec-

trodes that rest on an infinite insulating plane (as those previously described), is

that, on the timescale of standard voltammetric measurements, the radial diffusion

is also established behind the plane of the electrode and shield (for instance,

contrasts the case of a microdisk in Fig. 15.13). Under these conditions, the flux,

and consequently the current, is enhanced to an extent that depends on the relative

size of insulating shield and electrode radius (normally referred to as RG).
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Fig. 15.13 Diffusion fields and concentration profiles at: (a) disk microelectrode RG!1; (b)

RG! 1. Simulated by the use of COMSOL Multiphysics 3.5
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Equations for the steady-state limiting currents for such geometry are described in

this section for the case of the disk (Fig. 15.5a), sphere caps (Fig. 15.5f), and cone

(Fig. 15.5g).

Shoup and Szabo were the first to demonstrate, from a theoretical point of view,

that at TSMs diffusion from behind the plane of the electrode enhances the flux to

the inlaid disk.36 This has also been confirmed by other researchers, who employed

different digital simulation procedures to obtain either steady-state limiting cur-

rents37, 38 or cyclic voltammograms39 for TSMs with a range of RG. From the

simulation data, approximate analytical expressions for the steady-state limiting

current (iss) as a function of RG have also been derived.38–41 Table 15.6 summarizes

such equations (in a dimensionless form, i.e., Iss¼ iss/id) and the limiting current

values calculated for RG! 1, while Fig. 15.14 displays either the graphical form of

the latter equations over a wide RG range or currents at discrete RG values (36).

For the sphere caps and cone geometries, more complex equations apply. The

diffusion problems to these geometries have been addressed by digital simulations,

and, therefore, only approximate solutions have been provided. Figure 15.15 shows

the parameters involved in the sphere-cap electrode. A general equation that links

all parameters involved in this geometry is41

Table 15.6 Steady-state limiting equations for microdisk electrodes with thin shields

Equation Reference Iss for RG! 1

Iss/Il¼ 1.000 + 0.234 (RG)� 1 + 0.255 (RG)� 2 39 1.489

Iss/Il ¼ 1.000 + 0.379 (RG)2.342] 40 1.379

Iss/Il ¼ 1.000 + 0.1380 (RG – 0.6723)� 0.8686 38 1.364

0 2 4 6 8 10 12 14 16 18

1,00
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1,10
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1,40

I S
S

RG

Fig. 15.14 Current against RG plot for a disk TMS: (dashed lines) from Ref. (39), (dotted lines)
from Ref. (40), (continuous line) from Ref. (38), (asterisk) calculated from Ref. (36), (open circle)
simulated from Ref. (41)
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I sphss ¼ 1

4
4þ 0:5780 RG� 0:6734ð Þ�0:8348þ
h

þ 2:2832þ 9:3279 RGþ 1:0321ð Þ�2�2979
� �

� hsph

a

� 1:3590
#

ð15:19Þ

where

I sphss ¼ iss
id

ð15:20Þ

and id stands for steady-state limiting current at a microdisk (i.e., equation T2,8 in

Table 15.2)

For the micro-cone (see scheme of the geometry in Fig. 15.16), the following

relationship has been derived38:

Iss
cone ¼ Aþ B RG� Cð ÞD ð15:21Þ

where the parameters A, B, C, and D are numerical constants which depend on the

h/a ratio, as indicated in the Table 15.7.

Fig. 15.15 Scheme of a

sphere-cap geometry,

RG¼ rglass/a

Fig. 15.16 Scheme

of a cone geometry.

RG¼ rglass/a
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15.5 Applications of Microelectrodes

The unique properties of microelectrodes such as low ohmic drop, high faradaic to

capacitive current ratios, rapid achievement of steady-state currents, requirements

of only two-electrode electrochemical cells, and small volume samples4–10, 42–65

are exploited in many fields, including environmental,56, 57 food,58 biomedical,59–61

and material science areas.62

In electroanalysis, the majority of measurements with microelectrodes are taken

under steady-state conditions by using either chronoamperometry (CA), linear

sweep (LSV), or cyclic voltammetry (CV).13–15, 17 Moreover, to enhance sensitivity

in the measurements, fast-scan voltammetry (FSV)64–68 or accumulation of

analytes onto the electrode surface is also performed in conjunction with stripping

analysis (SA).62, 69, 70 FSV has largely been developed for biological applications61,

64, 65 and employs scan rates up to kV s�1. FSV is also used for the detection of

various anions and cations on sub-millisecond timescales.50, 66–68

SA is probably one of the fields where microelectrodes find the largest number of

applications.42, 45–47, 64, 68–70 With this regard, the enhanced mass transport to the

microelectrode surface by diffusion can obviate, in general, the need for convective

mass transport during the pre-concentration step before stripping, while making

current responses less affected by convective forces in flowing systems.62 In fact, in

quiescent solutions, a steady-state current is established in a relatively short time for

microelectrodes with disk, shrouded hemisphere, and sphere-cap geometries.7–9, 12

As is illustrated in the previous sections, at microelectrodes which are not small

enough in all their dimensions, as is the case for cylinders and bands, the current

response attains only a quasi-steady state, as the equations for their currents contain

time-dependent terms, even at long times.7–9, 12 The mass transport properties need

to be considered when optimizing analytical procedures in order to achieve the best

performance in terms of reproducibility and pre-concentration efficiency for trace

element analysis.62 Natural convection, which may arise during relatively lengthy

pre-concentration step experiments, does not affect the stripping responses at disk

and sphere-cap microelectrodes62, whereas some effects were observed with

microwires.62

Because ohmic drop has little influence on voltammetric responses, additional

supporting electrolytes in the solutions are often unnecessary.7–9, 12, 71–77

This largely avoids contamination of real samples with external chemicals when

Table 15.7 Numerical constants corresponding to the analytical equation (15.21)

hcone/a¼ 0.5 hcone/a¼ 1 hcone/a¼ 2 hcone/a¼ 3

A 1.1270 1.2979 1.6769 2.0585

B 0.1972 0.2795 0.5240 0.8910

C 0.5667 0.4506 0.1794 �0.1900

D �0.9025 �0.9436 �0.9857 �1.0280
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ultra-trace element analysis has to be performed thereby leaving existing chemical

equilibria unaltered. Therefore, direct measurements of low-ionic-strength samples

or resistive media and speciation measurements can be performed straightforwardly

without the need for pretreatment.71, 72

The lack of sufficient electrolyte in the media, however, makes the dependence

of current on the concentration of electroactive species nonlinear, and the interpre-

tation of the results requires that the migrational component in the transport be

considered7; several reports and reviews deal with the theoretical problems related

to the modeling of steady-state voltammograms at microelectrodes without or with

dilute supporting electrolyte.74–78 Fundamental studies describing the combined

effects of diffusion and migration at microelectrodes have provided greater under-

standing and facilitated the prediction of amperometric experimental responses in

complex systems such as solutions of polyelectrolytes, large polymer molecules

with one or more ionic groups per monomer unit, colloidal suspensions, and

polymeric gels.71 Moreover, migration coupled with homogenous equilibrium

and voltammetry in undiluted liquid organic substances has also been investigated

from both a theoretical and experimental point of view.71, 76–78

List of Symbols (not specified in the text)

A Area

Di Diffusion coefficient of the species (i)

erfc Error inverse function

F Faraday constant

n Stoichiometric number of electrons involved in an electrode reaction

R Gas constant

Zi Charge on species i

∇ Vector operator

ϕ Electrostatic potential
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Chapter 16

Electrode Materials (Bulk Materials

and Modification)

Alain Walcarius, Mathieu Etienne, Grégoire Herzog, Veronika Urbanova,

and Neus Vilà

Electrochemical sensors have a long history and they found an important place in

analytical chemistry and environmental monitoring thanks to the attractive proper-

ties and huge developments in electrode materials. Some key historical steps1–20 are

gathered in Table 16.1. Hereafter, the electrode materials used for environmental

sensing purposes are presented in the form of two successive parts dealing respec-

tively with unmodified and chemically modified electrodes.

16.1 Electrode Types and Configurations

Working electrodes are usually made of conductive materials exhibiting ideal

polarization properties over a wide potential window (i.e., ensuring low currents

in an electrolyte solution, free of any redox species, over several volts of applied

potential). The main classes of materials offering a priori such qualities are:

(1) mercury and noble metals (Pt, Pd, Au), (2) some allotropic forms of carbon

(graphite, glassy carbon, carbon fibers, or carbon black), and (3) some metal oxides

(e.g., indium-tin oxide, ITO), or (4) boron-doped diamond. More recently, in the

goal to replace mercury (and especially mercury film electrodes), one has witnessed

the development of metal films plated onto solid electrode surfaces. Even more

recently, in attempting to increase the electroactive surface area of the conventional

electrodes, strategies to build nanostructured electrode surfaces have been pro-

posed. These various aspects are briefly described below.

A. Walcarius (*) • M. Etienne • G. Herzog • V. Urbanova • N. Vilà
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16.1.1 Bulk “Conventional” Electrode Materials

The emergence of modern electroanalytical sciences is tightly bound to the impli-

cation of specific conductive materials as electrode material. Lubert and Kalcher

recently provided a history of electroanalytical methods in which the reader could

find a wider view of the field.21 First electroanalytical determination of copper in

copper-nickel coins was accomplished by electrogravimetric method on platinum

electrodes in the nineteenth century. Later, polagraphy, rewarded by a Nobel Prize

for J. Heyrovsky, was developed with dropping mercury electrode and important

developments have been then conducted on both analytical methods and materials.

The performance of an electrochemical analysis depends notably on the working

electrode material that should allow high signal-to-noise ratio and reproducible

response. The choice of this material depends primarily on the redox behavior of the

species to be analyzed and the background current resulting from the conditions of

analysis in the suitable potential range. It also depends on the accessible potential

window, electrical conductivity, surface renewal, mechanical properties, cost,

availability, and toxicity. The most popular materials are those involving mercury,

carbon, or noble metals (particularly platinum and gold), but silver, nickel, or

copper were also considered for specific applications.22 The range of analytes that

can be determined with electrochemical reaction on bulk electrodes is large and

comprised both metal ions and organic compounds. The possibility to

preconcentrate the species to be detected by simple adsorption or electrochemical

concentration before stripping analysis permits to reach very low detection limits,

i.e., down to 10�10 M. Moreover, several species (e.g., metal ions) can be detected

Table 16.1 Some historical milestones in the development of electrochemical environmental

sensors based on bare and chemically modified electrodes

Year Historical milestones References

1922 Polarography at a mercury drop electrode 1

1931 Stripping voltammetry of Cu2+ at a platinum electrode 2

1958 Carbon paste electrodes 3

1961 Mercury film electrodes 4

1962 Enzyme-modified electrodes 5

1973 Adsorption of alkenes on platinum electrodes 6,7

1978 Deposition of polymers on electrodes 8,9

1981 Chemically modified carbon paste electrodes 10

1983 Formation of thiol self-assembled monolayer on gold 11

1986 Biosensor based on electropolymerized conducting film 12,13

1987 Nafion adsorption for surface protection and metal detection 14,15

1987 Sol–gel-derived silica film deposited on an electrode surface 16

1992 Electrochemical grafting of diazonium salts on carbon electrode 17

1997 Metal detection at a thiol self-assembled monolayer 18

1997 Mesostructured metal electrode generated by surfactant templating 19

2000 Bismuth film electrode as an alternative to mercury film electrodes 20
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simultaneously. A large overview of analytical electrochemistry has been given

by Wang.23

One major advantage of mercury versus other electrodes, e.g., platinum, is the

very high overpotential for hydrogen evolution allowing the electrochemical reduc-

tion of metal cations even at low potentials. On the contrary, the electrochemistry

with this metal is limited on the oxidation side because of the oxidation of mercury.

Mercury electrodes were used in various configurations, i.e., dropping mercury,

hanging mercury drop, static mercury drop, streaming mercury, and mercury film.24

But the mechanical instability of the liquid mercury electrode was found limiting

for the development of modified electrodes surfaces considered in sensors. More-

over, the toxicity of mercury triggered the search for alternative metals. Bulk

bismuth was thereby considered as it displays a very similar behavior as mercury

for the stripping analysis of heavy metals.25

What one can consider as the first electrochemical sensor, i.e., a modified

electrode surface dedicated to a specific target analyte, was a platinum electrode,

covered by a protective membrane, the Clark electrode, for the determination of O2

in blood.26 The first biosensor was based on the determination with such Clark

electrode of O2 depletion induced by glucose oxidase activity in the presence of

glucose.27 These two examples show the importance of platinum as electrode

material. It will be seen below that gold was also widely used for the development

of chemically modified electrodes, especially due to the strong interaction with

thiol-functionalized organic molecules allowing the formation of self-assembled

monolayers (SAM).11,28

In the same period, carbon-based materials, i.e., carbon paste,3 wax-impregnated

graphite,29 pyrolytic graphite30 and glassy carbon31 were introduced. This latter

electrode was then applied to the anodic stripping analysis of metals.32 These

various materials display different advantages and limitations considering the

background current, the potential limits, the electron transfer kinetics, the repro-

ducibility, the stability, and the adsorption properties that must be considered

depending on the analytical application.24 Among these various carbon-based

electrodes, one can highlight the importance of carbon paste electrodes for the

development of chemically modified electrodes (see below)33 and the subsequent

emergence of screen-printed electrodes allowing numerous applications for

decentralized analysis.34 Another class of carbon-based material, i.e., boron-

doped diamond (BDD) was introduced in the 1990s by Swain and Ramesham.35

The interest of such material is related to the larger potential window accessible in

conventional media for environmental analysis and the good resistance to surface

fouling, which is of major importance for application in complex matrices.

An important breakthrough in the development of electrochemical sensors was

the miniaturization of electrodes, as introduced during the 1970s for O2 measure-

ment (microcathode) or in vivo analysis of neurotransmitters,36 and then largely

developed in the 1980s.37,38 The steady state current that can be observed

at microelectrodes served later as a basement for the important development

in scanning electrochemical microscopy allowing electroanalysis of complex

interfaces, with using carbon fiber or metal (Pt, Au) micro- or nanoelectrodes.39
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Arrays of micro- or nanoelectrodes were also developed, notably for application in

environmental monitoring.40

Nanomaterials, i.e., metal nanoparticles, carbon nanotubes (multi- and single-

walled) and nanofibers, fullerene, and more recently graphene have been and are

strongly investigated for analytical purposes.41–43 The reasons of this enthusiasm

for such materials arise from their high electroactive surface area and in some cases

their electrocatalytic properties. Specific applications to electroanalysis with these

nanomaterials are covered by other chapters of this book (see Chaps. 17 and 20).

Increasing the surface area is also possible with using mesostructured or

macrostructured carbon electrodes (see below), allowing significant improvement

in analytical features of potentiometric and amperometric sensors.44

A final class of materials is the optically transparent electrodes based on metal

oxides (e.g., indium-tin oxide, ITO). These materials are very popular in the field of

energy conversion, as a support for Dye-Sensitive Solar Cells, but the group of

Heinemann developed at the end of the 1990s a spectroelectrochemical sensing

method based on such transparent electrodes. The method is defined as the coupling

of an electrochemical detection with a spectroscopic analysis.45,46 This approach

allows for multimode selectivity and is usually applied in the presence of surface

modification for preconcentration of the analyte. More recently, porous and opti-

cally transparent electrodes have been prepared and applied for combined spectro-

scopic and electrochemical analysis47–51 which should lead in a near future to

further developments in analytical sciences applied to the environment.

Electrode modification of these bulk materials is the major topic to be treated in

the next sections. We will see that the range of modification that has been consid-

ered is quite large, with the deposition of metal film electrodes, the electrode

texturation (for increasing the electrode surface area with respect to the geometric

one), the functionalization with organic monolayers or polymeric multilayers, or

the elaboration of composite electrode materials for the development of sensors for

possible application in the field of environmental analysis.

16.1.2 Metal Film Electrodes

Metal film electrodes have been introduced in electrochemical stripping analysis

mainly because they were promising alternative to the commonly used electrodes

(e.g., less toxic than the mercury drop electrode and easier to regenerate than bulk

gold or platinum electrodes). Metal film electrodes offer reliable analytical tools

since they are relatively simple to fabricate and consequently easy to reproduce as

new surfaces.23,25,52 Metallic films on electrodes represent a very thin layer of a

metal deposited onto a suitable support. The thickness of this layer ranges from

micrometric dimensions to ultrathin films whose thickness can be down to tens of

nanometers. With respect to the material used for film electrode preparation, one

can distinguish three main groups: gold film electrodes (AuFEs),53–57 mercury film

electrodes (MFEs)58 and bismuth film electrodes (BiFEs).20,25,59 Other metallic
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compounds were also used but more rarely, however they can be traced up in the

literature: lead film electrodes,60–62 silver and silver amalgam film electrodes,63,64

tin film electrodes,65 antimony film electrodes,66–68 cobalt film,69 gallium70 or even

selenium film plated electrodes.71

16.1.2.1 Gold Film Electrodes (AuFEs)

In electrochemistry, gold belongs to traditional materials used for the fabrication of

working electrodes. These electrodes offer relatively large anodic potential range

and favorable electron transfer kinetics, but they have a limited cathodic potential

range in aqueous solution compared to mercury.72 More problematic are high

background currents associated with the formation of surface oxides or adsorbed

hydrogen layers and it is rather difficult to keep electrode surfaces free of them. It is

noteworthy that oxide layers on the electrode surface can influence/restrict the rate

of electron transfer reactions, or they are likely to react with the analyte, giving rise

to undesirable responses, which may result in various complications during elec-

trochemical measurements and poor reproducibility.72,73 For this reason, the sur-

face has to be regenerated by mechanical or electrochemical polishing, which is

usually a time-consuming procedure, such additional operation making gold elec-

trodes less attractive for routine analysis.74 In this context, gold film electrodes

(AuFEs) have been shown to be a useful alternative to solid gold electrodes because

their active surface can be easily renewed (i.e., by depositing a new gold film

between each measurement).

The preparation of AuFEs is commonly carried out via electrochemical deposi-

tion from a gold ions solution, although some other procedures have also been

reported.75 Electrochemical deposition, plating, and renewal of Au films are rather

simple and can be done as frequently as needed. The film is deposited either ex-situ,

from a separate plating solution,54 or by in situ plating, as common for stripping

analyses, which involves the formation of the gold film directly during the reductive

accumulation of the analyte from solutions spiked with trivalent gold.76 Electroless

(or chemical) deposition techniques have also been reported in literature. The first

autocatalytic, electroless gold plating bath was developed in 1970 at Bell Labora-

tories to plate thick, pure soft gold on semiconductors and circuit boards without

employing an external source of electric current.77 The original baths did not

contain stabilizing additives and they were sensitive to impurities, which tended

to lead to spontaneous decomposition. For this reason, some efforts have been made

to improve the original borohydride and dimethylamine borane baths, especially in

their stability and plating rate, and such improved baths are now commercially

available.78 Generally, the methods of electroplating have advantages over the

electroless plating ones in terms of easier control of the film thickness. On the

other hand, electroless plating can minimize the number of processing steps when

gold is needed in areas which are electrically isolated from each other.78 Gold film

electrodes prepared by vacuum evaporation can also show poor operational and

mechanical stability, i.e., the film is likely to peel off from the substrate, implying
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thereby great care in assembling the electrochemical cell and in introducing solu-

tions into the cell.79 Other ways employed to prepare AuFEs include thermal

evaporation in a tungsten basket used as a hot filament,80 high-speed selective jet

deposition,81,82 or ionized cluster beam techniques.83

Typical applications of AuFEs in stripping voltammetry are summarized in

Table 16.2. AuFEs have been extensively exploited for inorganic arsenic

analysis,84–88 among other analytes such as heavymetal species.89–91 Thewidespread

use of arsenical compound in industry and the concern over arsenic toxicity which

can cause several health problems, including pigmentation, hyperkeratosis, and

various cancers (e.g., skin, lung, urinary bladder, and kidney),92 has induced devel-

opment of methods for quantitative arsenic analysis. In this context, electrochemical

methods have been found highly sensitive, low cost, and in addition can distinguish

different oxidation states of arsenic. This determination is based on the interaction of

As with Au during the deposition step and by the fact that As can be selectively

oxidized from Au-As intermetallic during the following stripping step.84,93

16.1.2.2 Mercury Film Electrodes (MFEs)

Generally, the hanging mercury drop electrode (HMDE) is the most suitable

electrode for anodic stripping voltammetry (ASV) and adsorptive stripping

voltammetry (AdSV) analyses because such electrode allows fast and reproducible

surface renewal and provides high adsorptivity for organic compounds.94,95 Nev-

ertheless, even HMDE has some drawbacks that limited its use particularly for

automatic or on-site voltammetry analysis as well as analysis in flow conditions

since it requires a mercury reservoir and regular maintenance of the capillary and

Table 16.2 Typical applications of gold film electrodes (AuFEs) in electrochemical stripping

analysis

Analyte Type of sample Methoda Substrate for AuFEs Ref.

As(III) Natural water LSV Glassy carbon electrodes 85

As Air filters, biological

samples

ASV Pyrolytic graphite

electrode

86

As(III), As(V) River water DPASV Boron-doped diamond

electrode

84

As(III), As(V) River water CCSA Carbon paste electrodes 87

Hg(II), Pb(II) Tap water ASV Screen-printed electrodes 89

Cu(II), Bi(III), Sb(III),

Pb(II)

Water, fruit, leaves PSA Glassy carbon electrodes 90

As(III), As(V) Groundwater ASV Glassy carbon electrodes 88

Hg(II) Electroplating waste

water

SWASV Glassy carbon electrodes 91

aLSV linear sweep voltammetry, ASV anodic stripping voltammetry, DPASV differential pulse

stripping voltammetry, CCSA constant current stripping amperometry, PSA potentiometric strip-

ping amperometry, SWASV square wave stripping voltammetry
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mechanics used for precise drop generation.96 Potential risks of poisoning,

contamination, and disposal associated with the use of mercury also limited

HMDE from an environmental point of view. Moreover, HMDE is not ideal for

modification by chemical reagents or coatings for improving its selectivity or

sensitivity. Some of these disadvantages can be successfully overcome by using

MFEs, prepared by coating a suitable substrate with a thin film of metallic mer-

cury.58 MFEs provide a larger surface-to-volume ratio, they are mechanically more

stable than mercury drops, they can be of fairly small size and thus they offer

possibility to be easily incorporated to different cell configurations (e.g., rotating

electrodes, flow-through designs) and they can undergo different type of modifica-

tion as well. In addition, consumption of metallic mercury is minimized since the

preparation of MFEs requires only small quantities of mercury.97

Ideally smooth mercury films can be prepared only at conductive surfaces that

can be wetted by mercury, e.g., carbonaceous materials. Glassy carbon is the

preferred support in most cases due to its useful analytical properties.98,99 Impreg-

nated graphite (i.e., carbon impregnated with wax or paraffin)100 or carbon fibres101

have also been used. Pyrolytic graphite,102 sprayed carbon layers103 or carbon

paste104 belong to less commonly used carbon-based materials. Noble metals

such as gold,105 platinum,4 silver106 or iridium107 have also been used as support

for MFEs plating, but in this case, deposition of mercury leads to so-called metal-

mercury amalgam electrodes.108 On most substrates, mercury hardly deposits as a

film of uniform thickness but rather as randomly dispersed mercury droplets.97

Mercury film is usually plated electrochemically from a solution containing

Hg(II) species by reduction to metallic mercury under convective transport and

negative polarization of the substrate.109 One can consider two main methods for

coating an electrode with a mercury film: preplating, involving an initial coating

step in which the mercury film is formed on the electrode surface, and in situ plating

in which the mercury film formation and the analyte accumulation are carried out

simultaneously.58 Recently, modification of the electrode surface with a mercury

precursor (e.g., HgO, HgCl2, or mercury acetate) which undergoes reduction in the

course of the experimental procedure, thus producing the mercury film, has been

proposed.110,111 Deposition of mercury by vaporization under vacuum has not

found widespread acceptance.112 In all cases, cleaning of the old film can be carried

out by chemical treatment (e.g., with iodine or tetraethylenepentamine), mechani-

cally or by electrochemical oxidation of mercury at a positive potential.97,113,114

MFEs found widespread applications in environmental and food trace analysis

by stripping voltammetry.115 The theory and practice of MFE in ASV for the

detection of easily amalgamated metals (such as Cd, Pb, Cu, Zn, Bi, Sn) have

been well documented in literature.116 Less common are reports of cathodic

stripping voltammetry (CSV) on MFEs after either electrolytic or adsorptive

preconcentration. Among species determined by CSV after electrolytic

preconcentration are, e.g., selenium,117 arsenic,118 or thiocyanate.119 Applications

dealing with the determination of aluminum,120 titanium,121 germanium122 or

chlorhexidine123 have also been reported. As already mentioned, a strong advantage

of MFEs over to HDME, is that they offer great scope for variation in cell and
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electrode design. In this context, MFEs have found applications in flow injection

analysis (FIA),124 batch injection analysis (BIA)125 and sequential injection anal-

ysis.126 Portable commercially available analyzers featuring MFEs are already

offered with conditioning tablets for the sample and automatic measurement and

calibration routines.97

16.1.2.3 Bismuth Film Electrodes (BiFEs)

Bismuth film electrodes have undoubtedly been the most promising sensors,

exhibiting analytical properties similar to MFEs and thus being very interesting

in the field of electrochemical analysis.20,25,127 The advantageous analytical prop-

erties of BiFEs in voltammetric analysis, roughly comparable to those of MFEs (see

illustration in Fig. 16.1), are attributed to the property of bismuth to form “fused

alloys” with numerous heavy metals, which is analogous to the amalgams that

mercury forms.128

The most significant advantage of BiFEs is that they are environmentally

friendly because bismuth is considered to be safe, as it is much less toxic than

mercury and a noncarcinogenic element. This is illustrated by the fact that bismuth

and its compounds have been used in medical preparations for over 400 years.129

BiFEs are typically prepared by electroplating a thin bismuth layer on an appro-

priate substrate; in principle, it can be plated on the same substrates as for mercury

films. Different forms of carbon, such as glassy carbon,20,130–133 carbon paste,59,134,135

graphite-epoxy composite,136 pencil lead,137 carbon-based screen-printed

glassy carbon
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Fig. 16.1 Stripping voltammograms of zinc, cadmium, and lead recorded at glassy carbon and

carbon fiber electrodes coated with (a) bismuth or (b) mercury films. Reprinted with permission

from reference (20) Copyright (2000) American Chemical Society
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electrodes,138,139 electrically heated carbon paste electrodes,140 carbon film resistor

electrodes135 or carbon fibers134,141 have been used for bismuth film plating. Besides,

substrates such as copper,142,143 boron-doped diamond electrodes,144 platinum elec-

trodes,145,146 carbon nanotubes147–150 or graphene nanosheets151 have also been used.

The method of coating the conducting substrate with a bismuth film is critical to

get satisfactory performance of the resulting BiFEs. There are three methods for

BiFE fabrication. The first method, ex-situ plating, involves electroplating the

bismuth film before transferring the electrode to the sample solution for analysis.

The reported conditions for ex-situ BiFEs plating are variable. In general, an acidic

media is always recommended since Bi(III) is easily hydrolyzed at higher

pH. Typical conditions are 5–200 mg L�1 Bi(III) with a deposition potential in

the range from�0.5 to�1.2 V and a deposition time of 1–8 min under conditions of

forced convection.25,152,153 In the second method, in-situ plating, Bi(III) ions are

added directly into the sample solution and the bismuth film is deposited on the

electrode surface during the analysis. A general practical rule is that the Bi(III)

concentration has to be at least 10 times higher than the expected analyte concen-

tration to avoid saturation effects.154,155 Typical Bi(III) concentrations are in the

range of 400–1,000 μg L�1.20 The plating conditions (plating potential and time) are

then dependent on the conditions used for the actual analysis. In-situ plating

simplifies and shortens the experimental procedure as no separated bismuth plating

step is required, but it is basically limited to anodic stripping analysis where

negative polarization of the electrode is employed for the electrolytic

preconcentration of metal ions.127 This method of plating has some limitations in

the accessible pH range of the sample solution. Bi(III) ions are very susceptible to

hydrolysis in neutral and alkaline media according to Eq. (16.1) and thus in-situ

plating is essentially useful for acidic samples.156

Bi3þ þ 3H2O ! Bi OHð Þ3 þ 3Hþ ð16:1Þ

On the other hand, it was shown that operating in alkaline media is also possible,

providing conditions to maintain Bi(III) species in the form of water-soluble stable

complexes with OH� ions (e.g., Bi(OH)4
�) are met, so that they can undergo

electrochemical reduction on the electrode surface.156 It has to be mentioned that

under similar highly alkaline conditions, Hg(II) ions hydrolyze and thus MFEs are

also inoperative. The third plating method is based on modifying the bulk of an

electrode with a bismuth precursor such as Bi2O3. This method of bismuth film

formation is essentially confined to carbon paste electrodes157 as the Bi2O3 can be

readily incorporated into the composite electrode by mixing it with the carbon

paste. These modified sensors are easy to prepare and simplify the experimental

procedure by providing a means of generating a bismuth film in situ without using

Bi(III) salts. However, they exhibit some problems in anodic stripping voltammetry

of metal ions such as low linearity and shifts in the stripping peak potential.127,158

Bismuth film electrodes have been employed for a wide range of analytical

determinations of various analytes in different types of sample. Environmental

samples are the predominant ones, followed by food, medical, pharmaceutical,
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and various industrial samples.152 Great diversity exists in the use of BiFEs for the

determination of heavy metals (such as Pb, Cd, Co, Zn, Ni, Tl, Sn etc.) in food

samples such as wine,145 potato,159 garlic,160 meat,161 tea leaves162 or tobacco.163

BiFEs have also been applied to complex sewage samples,164 number of soil

samples,163,165 fertilizer samples.166 Even if the vast majority of practical applica-

tions of BiFEs has been focused on the determination of inorganic ions, increasing

effort towards organic compounds determination has merged.152 Fundamental

studies are notably dealing with model organic compounds such as

nitrophenols,167,168 picric acid169 pharmaceutical substances170–172 and some bio-

logical important compounds.172–174 Finally, the implementation of BiFEs for

advanced instrumentation was illustrated, for example, by using a robotic system

to monitor continually the release of metal ions during corrosion process,175 or

analyzing non pretreated sea water samples by on-line combination with

inductively-coupled plasma-mass spectrometry.176

16.1.3 Nanostructured Electrode Surfaces

Structuring electrode surfaces to provide better control of their behavior with their

environment has been one of the most active areas of research interest in electro-

chemistry within the last 30 years.177 In recent years this revolution in tailoring

electrode surfaces has continued at an even greater rate due to the advances in

nanofabrication. Nanostructuring electrodes can be regarded as controlling the

architecture of an electrode at the nanoscale whether using nanomaterials,

templating methods, organic or hybrid modification monolayers (these latter

being mainly described in the section below).178–181 Many of excellent properties

that can be achieved by nanostructuration are due to the unique properties of the

employed nanomaterials and the ability to tailor the size and architecture of the

electrode interface.182

In general there are two distinct paths that can be taken toward nanometer scale

structure: the top-down approach that employs lithographic tools (such as photoli-

thography, electron beam lithography, X-ray lithography, etc.) to pattern

nanostructures on a substrate and the bottom-up approach that takes advantage of

the interactions between molecules to assemble them into nanoscale structures in a

solution phase.183–185 Top-down techniques are derived mainly from the methods

applied to the production of microstructures in the semiconductor industry and this

approach is based on a number of tools and methodologies which consist of three

major steps: (1) the deposition of thin films/coatings on a substrate; (2) designing of

desired shapes via lithography; (3) pattern transfer using either a lift-off process or

selective etching of the films.183,186,187 The bottom-up approach, starting from

atoms or molecules, uses the methods like self-assembly of nanoparticles or

monomer/polymer molecules, chemical or electrochemical reactions or sol–gel

processing to create porous nanostructures, most often based on templating

approaches.188
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The template synthesis for electrochemical applications was first explored by

Martin.189,190 He introduced membrane-based synthesis by which the desired

materials were prepared within the pores of a nanoporous membrane called “tem-

plate”. More recently, other templating methods have been developed and one can

distinguish hard or soft templating routes. Hard templating, usually based on

colloidal crystals assemblies, is straightforward and highly effective method to

prepare periodic macroporous structures that mimic the original shape of

template.191–193 Soft templates, such as molecular or supramolecular aggregates,194

constitute a powerful tool for nanomaterials fabrication, in particular mesoporous

inorganic solids such as silicates,195 metal oxides196 or mesoporous polymers or

carbons.197 More details concerning both pathways will be described in following.

16.1.3.1 Porous Membranes as Hard Templates

One of the most popular hard templates is anodic aluminum oxide (AAO) that can

be prepared by following two-step anodic process.198 Typically, a clean aluminum

sheet is electropolished and then first anodized in an oxalic acid solution for several

hours. After removing the barrier oxide layer in a chromic acid and phosphorus

acid, a second anodization is applied for a short time period in the same oxalic acid

solution used for first anodization process.199 As a consequence of their preparation

methods, AAO membranes are characterized by high density (109–1011 per cm2) of

cylindrical pores with uniform diameter between 10 and 200 nm, which can be

accurately tuned by the process parameters.200 Track-etched polymeric membranes

are characterized by much smaller pore densities (up to millions pores per cm2)

compared to AAO, with pore diameters ranging from 10 to 2,000 nm. The most

commonly used material to prepare membranes of this type is polycarbonate.201

The track-etched process involves irradiation of a polymer membrane by heavy

ions and subsequent chemical etching, resulting in a membrane with pores of

predicted geometry.202

Figure 16.2 schematically illustrates the most common ways for preparation of

nanostructures using porous membrane as template. Several methods have been

tested to grow nanomaterials inside the pores of AAO.203–206 Vapor deposition

methods (chemical vapor deposition and molecular beam deposition) generally

suffer from the nucleation occurring on the pore walls. Therefore, the deposited

materials decorate the pore walls randomly rather than growing into nanotubes,

nanowires, or nanorods with controlled morphologies.207 For this reason, electro-

chemical deposition method is advantageous in that the mechanism enforces the

growth to occur from the bottom to the top. Regardless of the type of the materials

to be deposited, the AAO template-assisted electrodeposition of nanostructures

follows the same general scheme. Firstly, a thin layer of metal (gold, silver, . . .)
is deposited on one side of the AAO template, which will serve as the working

electrode. After electrodeposition under the proper conditions resulting

nanostructures may be nanowires or nanotubes and their shape, diameter, and

surface roughness are directly determined by the AAO template.208 Finally, if
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desired, the AAO template can be removed by dissolving it in an acidic or alkaline

solution or the membrane is not removed and resulting devices are ascribed as

“nanoelectrodes ensembles” (NEEs). Through this method, various materials,

including Au, Ag, Pt, Ni, Fe, Co, ZnO, and Pd have been fabricated as nanorods

and nanowires.207 In addition, nanorods composed of two different materials such

as gold-nickel have been described.209,210

16.1.3.2 Colloidal Crystal Templating

The general scheme (Fig. 16.3) of a synthesis by colloidal crystal templating (CCT)

is relatively straightforward and contains the following steps: (1) self-assembly of

colloidal spheres into close-packed arrangements; (2) infiltration of the interstitial

space of the template with a fluid and its conversion into a solid; and (3) removing

the original template leaving behind ordered interconnected macroporous

structures.191,192,211

Fig. 16.2 Schematic illustration of nanostructures fabrication using a porous membrane as

template

Fig. 16.3 Schematic illustration of template-directed chemical or electrochemical deposition

through a colloidal crystal assembly
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The colloidal particles of interest for material engineering have usually spherical

shape and they are often made of silica212 or polymers such as poly(methyl methac-

rylate) (PMMA)213 or polystyrene (PS).214 Silica spheres employed inCCTundergoes

less shrinkage (ca. 10 % in linear dimensions) than in typical reactions with polymer

spheres (often 20–30 %).211 Moreover, silica particles withstand relatively high

processing temperatures in subsequent steps. Disadvantage of silica spheres is asso-

ciated with template removal, which requires treatment with hydrofluoric acid (toxic

and caustic) or hot alkali solution while polymer spheres are usually removed by

calcination or extraction with organic solvent. Generally, the spheres self-organize

into hexagonally close-packed layers in two dimensions (2D) and into predominantly

face-centered cubic arrays in three dimensions (3D).215,216 However, the resulting

CCTs are usually not defect free. They contain point defects, line defects, stacking

defects, dislocations, and cracks.217 Commonly used methods for assembly are based

on gravitational, electrostatic and capillary forces218–220 or on the use of physical

confinement in combination with pressure and flow.221

After preparation of the colloidal crystal template (CCT) as a thin film, the next

steps involve infiltration of template with precursor material and processed to form

a composite with the CCT. Because incomplete infiltration may lead to the collapse

of the colloidal crystal structure, complete and uniform infiltration is thus of

essential importance. Based on the properties of the target materials, different

methods for infiltration have been proposed.192 Infiltration can be conducted with

solid, liquid, or gas phase precursors. Of these, infiltration with solid nanoparticles

is less common, except for films consisting of monolayers or very few layers of the

template.222 Liquid-phase infiltration applies to sol–gel and solution precursors for

the target materials as well as melts. To increase the loading amount of the

precursor, the template is often soaked repeatedly in the precursor solution with

optimum dilution.223 This approach is especially suitable for preparation of

macroporous metal oxides (such as TiO2, ZrO2, or CeO2) by using metal alkoxide

precursor224–226 (see an illustrative example in Fig. 16.4).

Nevertheless, this method has some limitations (such as a loss of solvent during

sol–gel processing or decomposition of the precursor) leading to incomplete filling

of interstitial spaces of colloidal crystal. Template-directed electrochemical

Fig. 16.4 SEM images of macroporous TiO2 prepared with 351 nm diameter silica spheres.

Reprinted with permission from reference (225) Copyright (2001) Wiley-VCH
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deposition is an elegant method that can overcome these problems.227–230 This

technique typically starts with assembling of colloidal crystals onto a conductive

substrate. The substrate is then immersed into an electroplating solution along with

counter electrode and a potential is applied. Electrodeposition fills CCT sequen-

tially from the bottom to the top, allowing the film thickness to be tailored by

altering the electrodeposition time.231 Electrodeposition methods have been applied

to prepared macroporous chalcogenides (CdS, CdSe),232 metals (such as Pt, Pd, Co,

Au, Bi, Sb),67,153,192,230 metal oxides233 or conducting polymers.234

16.1.3.3 Soft Templating Routes

Soft templates have received more attention over the last decade because they are

more versatile and therefore more advantageous than hard templates. Surfactant

templating strategy through self-assembly of inorganic species and surfactant is a

basic synthetic powerful approach to fabricate ordered mesostructured mate-

rials.235,236 Surfactants, generally known as detergents, can assemble thanks to

hydrophobic interactions into spherical, prolate, or cylindrical micelles at a con-

centration slightly higher than their critical micelle concentration (CMC), and

further aggregate into stable 2D or 3D ordered mesostructures of liquid crystalline

phases with long-range ordering.237 One of the first liquid crystal phases that

micelles are expected to form is a structure similar to a face-centered or a body-

centered cubic crystal lattice. In the case of a body-centered cubic structure,

micelles take place of individual atoms, ions, or molecules. Rod-shaped micelles

often form into hexagonal arrays made out of six rods grouped around a central one

for a total number of seven (see Fig. 16.5 for illustration). At even higher concen-

tration the molecules move into lamellar phase. This structure has a double layer

of molecules arranged a bit like a sandwich with polar heads outside and nonpolar

tails inside. In principle, increasing the amphiphile concentration beyond the point

where lamellar phases are formed would lead to the formation of the inverse

topology lyotropic phases, namely the inverse micellar phase, the inverse hexago-

nal or cubic phases.238,239

Actually, the pioneering approaches to mesoporous materials using soft tem-

plates are the synthesis of ordered mesoporous silicates based on a liquid crystal

(LC)-template mechanism, which was reported in early 1992.240 In this approach,

the inorganic material occupies the continuous solvent (water) region to create

inorganic walls between the surfactants cylinders. The stable mesoporous molecu-

lar sieve was produced after removal of the organic template by calcinations. In

order to support the LC template mechanism, it was demonstrated that the struc-

tures and pore dimensions of mesoporous material were intimately linked to the

properties of the surfactants, such as surfactant chain length and solution chemis-

try.241 Preparation of mesoporous silica using LC templates affords the remarkable

advantages owing to precise control over the structure of the resulting inorganic

solid due to the knowledge of LC structures. Such mesoporous silicates (and other

metal oxides) can be generated as thin films on solid supports,242 including
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electrodes,243 but this will be discussed below. Later on, other methods for

mesoporous structure fabrication, originating from the observation that surface

aggregation of surfactants at electrode surfaces can be controlled by the applied

potential (even in dilute surfactant solutions),244 have been proposed.245,246 In such

a way, there is no need to preform an organized lyotropic mesophase onto the

electrode surface (no direct physical cast), the mesoporous film formation results

from a self-assembly co-electrodeposition process under fine potential con-

trol.245,246 From the electrochemical point of view, two families of mesoporous

conductive electrode materials have been developed: the mesoporous metals (and

alloys) and mesoporous carbons.

Mesoporous Metals and Alloys

Traditionally, mesoporous metals have been elaborated by using mesoporous silica

as a hard template. In 1997, Attard’s research group first reported that mesoporous

platinum can be produced by the chemical or electrochemical reduction of metal

salts dissolved in the aqueous domains of a hexagonal lyotropic liquid crystal

(LLC) phase architecture.19,247 They have shown that the reduction of platinum

salts in this system led to platinum whose nanostructure was a cast of the LLC

Fig. 16.5 Illustration of liquid crystalline mesostructures that are expected to form as a function

of temperature and surfactant concentration. Adapted from reference (239) Copyright (2006)

Elsevier
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phase. Besides this initial work with mesoporous platinum films, the same group

prepared variety of mesostructured materials such as Sn films, Ni/NiO2, Pt/Ru, or

Pd/Pt alloys.248–250 Bartlett and Marwan extended the idea of LLC templating of

mesoporous metals and demonstrated that they could electrochemically deposit the

mesoporous film of two metals, one on the top of the other.251 Although the metals

from some groups of elements (such as groups 9 and 10) can be readily templated,

the liquid crystal templating mechanism failed to produce mesoporous structures of

some important noble metals such as gold, silver, or copper. For example, for

copper films made from a mixture of the surfactant Brij 56 and an aqueous solution

of CuCl2·2H2O, the authors found that the final materials did not show any

mesoporous structures or significant increase in surface area and, if mesostructure

was obtained, it did not survive post treatment steps; the mesoporous structure

corroded and subsequently collapsed.252

Mesoporous Carbon Materials

Recently, attention has been paid to porous carbon materials, owing to their large

surface area, large pore volume, chemical inertness, and electrical conducting

properties.253 Porous carbon materials with controlled architecture, morphology,

and relatively narrow pore size distribution are usually prepared by a templating

(hard or soft) method followed by carbonization processes.197 The main synthetic

way to produce ordered mesoporous carbons relies on the use of ordered

mesoporous silica with interconnected pore structures as a hard template.254 This

synthetic route (see Fig. 16.6 for the hard template route) requires (1) preparation of

Fig. 16.6 Schematic illustration of the different steps applied to prepare mesostructured carbon

through the hard template route
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an ordered mesoporous silica template, (2) impregnation of mesopores with an

appropriate carbon source, (3) carbonization, and (4) subsequent selective removal

of the silica framework (by dissolution, using HF or NaOH).255,256

Often, this time-consuming, and costly process requires multiple infiltrations to

complete the filling of the template pores. It is difficult to perform pore filling of the

carbon precursors into the mesopores of silica with low accessible pore systems,

such as silica thin films with cylindrical mesopores oriented parallel to the sub-

strate.253 For this reason, recent progress has been achieved in implementing direct

soft template approaches, which are mainly based on using supramolecular aggre-

gates as templates (e.g., self-assembled surfactants or block copolymers and ther-

mosetting resins, and in some cases copolymerization of carbon precursors with

metal alkoxides).197,246

16.1.3.4 Interest of Nanostructured Electrodes

for Electrochemical Sensing

The quest for increasing sensitivity and selectivity, as well as long-term durability

of electrochemical sensors and biosensors has generated huge amounts of research

work in past decades. One of the characteristics of porous materials is their high

area surface/volume ratio, favoring thereby the interaction with external reagents. If

they are electrically conducting, such materials deposited as thin films on electrode

surfaces can contribute to increasing the electroactive surface by several orders of

magnitude and thus also the sensitivity of the resulting device.180,246,257,258 In

addition, large surface area and the widely open, ordered macrostructure or

mesostructure are expected to offer high preconcentration efficiency and fast

diffusion processes, which should lead to very sensitive amperometric or

voltammetric detection44 and thus most applications deal with chemical sensors.

Macroporous and mesoporous metal electrodes have been used for various types
of electrochemical sensing and biosensing. For example, an amperometric,

nonenzymatic glucose sensor system based on three-dimensional ordered platinum

films has been reported to display improved electrocatalytic activity toward glucose

oxidation compared to directly deposited Pt, as a result of the large effective surface

area and interconnectivity of pores in themacroporous metal.259 A goldmacroporous

electrode modified with a nitrofluorenone monolayer has been used as a model

system for studying the electrochemical oxidation of NADH.260 Mesoporous Pt

and Pd microelectrodes have been used as an efficient amperometric sensor for

hydrogen peroxide and, after loading the huge internal Pd surface with hydrogen,

these devices could be used successfully as very stable pH sensors.261 Macroporous

electrodes provide superior conductivities and interconnected pores that are likely to

host large amounts of (bio)molecules at the monolayer level. Several redox proteins

(hemoglobin, cytochrome c, D-sorbitol dehydrogenase etc.) have thus been adsorbed
in various conducting and/or electroactive macrostructures and direct electron com-

munication between the biomolecules and the electrode material has been

reported.262–264 Finally, heavy metal ions can be electrochemically detected at
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macroporous metal electrodes, as exemplified for the anodic stripping determination

of lead and cadmium at macroporous bismuth153 or antimony67 electrodes, or the

amperometric analysis of mercury at a gold macroporous electrode modified with

hexanedithiol.265

Mesoporous metal oxide electrodes, i.e., TiO2, WO3, Nb2O5, or Al2O3 films,

have been utilized as attractive matrices for the immobilization of high levels of

heme proteins without loss in the biomolecule structure or activity.266–268 Direct

electrochemistry of the proteins was claimed in all cases and this was exploited for

the electrocatalytic detection of hydrogen peroxide, nitrite species, or nitric oxide.

Mesostructured SnO2 films were found to be sensitive to adsorbed ethanol and

molecular hydrogen, leading to the development of selective sensors for these

gases.269 Applications of ordered mesoporous silica-based materials in electro-

chemistry have been reviewed,270 but most of them are based on functionalized

materials and thus belong to the modified electrodes section (see below). Finally,

gas sensors designed from mesoporous thin silica films have been developed and

they exhibit fast resistive-type response to relative humidity changes or alcohol

vapors.271–273 The nature of the surfactant template had noticeable impact on the

resulting sensor performance.

Ordered macroporous and mesoporous carbon materials deposited as thin films
on carbon electrodes have been applied as chemical sensors based on direct

electrochemical detection (by amperometry or potentiometry), preconcentration

electroanalysis, or electrocatalytic detection, OMC in addition to electrochemical

biosensors.258,274–276 Among selected analytes that have been detected using

mesoporous carbon belong dihydroxybenzene or nitrotoluene and nitrobenzene

derivatives,277,278 methyl parathion,279 L-cysteine and glutathione275 or

NADH.280 In comparison to carbon nanotubes (CNTs) or graphite powder and

glassy carbon, the electrocatalytic performance of mesoporous carbon was often

claimed to be superior (better sensitivity, extended linear range, and lower detection

limit), due to improved electron transfer kinetics and catalytic capabili-

ties.188,246,258 In addition, sorption properties of OMC can be exploited to accumu-

late the analyte prior to electrochemical detection. This has been applied, for

example, for determination of hydroquinone,281 ultra trace of nitroaromatic com-

pounds or nitrobenzene.282 The anodic stripping voltammetry determination of

metal ions, such as Pb2+ at Nafion-OMC283 or Cu2+ and Pb2+ at polyaniline-

OMC.284 Ordered macroporous carbon monoliths prepared by the colloidal crystal

templating have been used as novel and effective solid contacts in ion-selective

electrodes.285 By selecting appropriate ionophores, they were successfully applied

to the highly sensitive detection of K+ and Ag+ cations. Contrary to the conven-

tional ion-selective electrodes, they also offer the advantage of not requiring an

optimization of the inner filling solution, and exhibited excellent long-term stability

and good resistance to oxygen interference.188
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16.2 Modification of Electrode Surfaces

Chemically modified electrodes (CMEs) are part of the so-called integrated chem-

ical systems,286 gathering assemblies of a number of different chemical compo-

nents, each specially selected to carry out a particular function, put together in a

well-defined way in order to produce a functional structure. Compared with the

“conventional” electrodes, the distinguishing feature of a CME is that a modifier is

intelligently combined to an electrode surface to endow the electrode with the

chemical, electrochemical, optical, electrical, transport, and other desirable prop-

erties of the modifier in a rational way, most often determined by the target

application.

From the historical point of view, in early 1973, Lane and Hubbard studied by

electrochemistry the irreversible chemisorption of a monolayer of alkenes on

platinum electrodes.6,7 They were the first to suggest the possibility of modifying

the electrode surface to achieve a desired functionality. In 1976, Elliott and Murray

had foreseen the potential of chemically modified electrodes as they described “this

line of research as leading to a wide array of chemically modified electrode surfaces

with unusual analytical, chemical, catalytic, and optical properties”.287 In the two

decades that followed this initial breakthrough, the research field of chemically

modified electrodes has boomed, leading the International Union of Pure and

Applied Chemistry (IUPAC) to publish two sets of recommendations in 1997 and

1998.288,289 The IUPAC defines a chemically modified electrode as “an electrode

made of conducting or semiconducting material that is coated with a selected

monomolecular, multimolecular, ionic, or polymeric film of a chemical modifier

and that by means of faradaic reactions or interfacial potential differences exhibits

chemical, electrochemical and/or optical properties of the film”.288 Seven classes of

chemically modified electrodes for analytical applications were then defined: accu-

mulation, chemical transformation, electrocatalysis, permeability, ionic equilibria,

controlled release, and change of mass.289 Among these seven classes, chemically

modified electrodes based on accumulation, electrocatalysis, and permeability are

the most documented in the literature. The surface of electrodes for accumulation is

designed for the selective binding of target analytes during a nonelectrolytic

preconcentration step. Analogously to stripping voltammetry, the preconcentration

step is followed by a detection step. This class of chemically modified electrodes

has been widely developed over the years290,291 and has been used for the detection

of a wide range of target analytes (heavy metals, organic molecules, proteins. . .).
The electrode surface can also be modified to amplify catalytically the detection

signal of the target analyte, resulting in the improvement of limits of detection,

sensitivity, and selectivity. Such electrocatalytic sensors include biosensors based

on enzyme immobilization. Electrochemical sensors based on permeability operate

on discriminative transport through a coating, which lets the target analytes reach

the electrode surface while fouling and interfering species are kept away from the

surface. Most of the electrochemical sensors and biosensors are operating under one

of these three principles.
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CMEs have been classified into three categories: (1) monolayers, (2) homoge-

neous multimolecular layers, and (3) heterogeneous multimolecular layers.292–294

The first category involves electrode surfaces prepared by the formation of a single

monolayer that bears the desired functions. These include self-assembled mono-

layers (made from thiols, silanes and diazonium salts), and also adsorbed materials.

The second category gathers all homogeneous multimolecular layers of organic and

inorganic nature that can be deposited onto electrodes. These coatings include

organic polymers and inorganic films; which can be generated chemically or

electrochemically onto the electrode surface. Thirdly, heterogeneous

multimolecular layers or bulk composite-modified electrodes can be prepared and

used as electrode materials. The following sections will describe these three

approaches for electrode modification, with special focus on CMEs used for

environmental analysis purposes.

16.2.1 Monolayers

The formation of a single monolayer on the surface of an electrode relies on the

chemisorption or the formation of a covalent bond between a molecule and surface

atoms. Three molecule families are reported for the development of electrodes

modified in the view of analytical applications: thiols, silanes, and diazonium salts.

These monolayers are called self-assembled when organization of the molecules

constituting the monolayer present a degree of self-organization achieved during

the modification process.

16.2.1.1 Self-Assembled Monolayers: Thiol Monolayers

Preparation and Characterization Methods of Thiol-Based Sensors

Thiol molecules present a high affinity for metal (e.g., mercury, gold, silver,

platinum, palladium, copper) and semiconductor (e.g., InAs and GaAs) surfaces

on which they spontaneously adsorb to form a monolayer.28 Gold has been very

popular for the preparation of electrodes modified with a densely packed thiol

monolayer since the early work by Nuzzo and Allara.11 The formation of a thiol

self-assembled monolayer is described as a two-step process (Fig. 16.7). During the

first step, thiols adsorb spontaneously through the cleavage of the H–S bond to form

a bond between the gold atoms of the surface and the sulfur atom. This step is

relatively fast and the surface of an electrode can be covered within minutes.

Spontaneous adsorption of thiols occurs when the electrode is immersed in an

aqueous or ethanolic solution. Potentiometric studies suggest that thiol adsorption

results in a drop of the open-circuit potential, indicating that a negative charge is

transferred to the electrode surface, inducing the reduction of the proton of the thiol

group to hydrogen.295,296 Once adsorbed on the surface of the electrode, thiol
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molecules can move around the surface despite a reasonably strong Au–S interac-

tion. This mobility allows self-assembly of the thiol molecules to form a densely

packed monolayer covering the entirety of the surface with limited defects. It is a

much slower process than adsorption and it may require up to 16 h to form a dense

self-assembled monolayer. The quality of the self-assembly is very much dependent

on the alkyl chain length and of the terminating group of the thiol considered.

Relatively defect-free self-assembled monolayers are usually formed with thiols

with octyl chains or longer. The closely packed structure of a self-assembled

monolayer is the result of van der Waals forces and electrostatic interactions

between adjacent thiol molecules. As the alkyl chain increases, these interactions

between neighboring molecules grow stronger conferring to the modified electrode

a blocking behavior. Indeed, underpotential deposition of metals (Tl, Pb, Ag, Cd,

Cu, and Bi) was possible at a gold electrode modified with a self-assembled

monolayer of propanethiol, whereas it was strongly inhibited at octanethiol- and

hexadecanethiol-modified electrodes.297

The stability of thiol self-assembled monolayers was investigated by

electrochemistry.298–300 Electrodes modified with thiols have a limited potential

window for which the Au–S bond is stable. Thiols can be desorbed by either

reduction or oxidation. The stability of the Au–S bond depends on the nature of

the functional group and of the length of the alkyl chain. The desorption peak

potential is linearly dependent on the alkyl chain length.299 On the other hand self-

assembled monolayers of thiol with a long alkyl chain were desorbed at more

negative potentials than the ones with short alkyl chain. This increased stability is

due to stronger lateral interactions between adjacent molecules as the alkyl chain

increased.300 It was also shown that crystallinity and quality of the electrode surface

also influenced the desorption potential as well as the number of desorption peaks.

Scanning tunneling microscopy studies have shown that the terminating group has

an effect on the monolayer structure.301 For thiol with different functional groups (–

CH3, –OH, –COOH, –SO3H) and of same alkyl chain length, Esplandiú et al. have

calculated that ethanethiol and mercaptoethanol formed a densely packed structure

with an area per molecule of 21.6 Å2 whereas the surface area per molecule in the

case of monolayers of mercaptopropionic acid or mercaptosulfonic acid increased

to 43 Å2, suggesting a less compact layer. These differences of structure of the self-

assembled monolayers have led to the formation of mixed monolayers of two

different thiols: one spacer molecule (e.g., alkanethiol, alcohol thiol or amine

Fig. 16.7 Schematic representation of the two-step process leading to the formation of a complete

monolayer
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thiol), whose role is to form a densely packed monolayer, and a functional molecule

(e.g., amino-terminated thiol, carboxylate-terminated thiol, or azide-terminated

thiol), which provides reactivity to the modified surface.28 This strategy is partic-

ularly useful in the case of the attachment of large molecules such as proteins302 and

DNA probes.303 Finally, the stability of self-assembled monolayers was investi-

gated over a period of several weeks of immersion in a variety of biological

media.304 It was shown that the desorption of the thiol monolayer was observed

after 35 days probably due to the oxidation of the thiolate group.

Accumulation Sensors

Accumulation sensors are based on the recognition of the target analytes by the

selective monolayer formed at the surface of the electrode. Such chemically modified

electrodes can be prepared by the immobilization of commercially available thiols,

forming a monolayer generally used for the detection of metal ions and small organic

molecules.28 Detection of certain kinds of target analyte requires the engineering of

more complex electrode surfaces. In these cases, the electrode surface is further

modified by a series of chemical steps leading to the attachment of a recognition

element (ligand, antibody, aptamer. . .) which provides selectivity and specificity to

the electrode surface.305 In these cases, the thiol self-assembled monolayer is used as

an anchor to attach the recognition element. One of the most common attachment

methods involves the formation of a carboxylic acid-terminated self-assembled

monolayer, which reacts with 1-(3-dimethylaminopropyl)-3-ethyl-carbodiimide

(EDC) and N-hydroxysuccinimide (NHS).306–313 Another option is based on an

amine-terminated self-assembledmonolayer, which reacts with glutaraldehyde.314,315

Biomolecules can then be immobilized on the surface of the electrode through the

reaction of terminal –NH2 group. A vast number of strategies, protocols and methods

exist for the controlled immobilization of biomolecules onto surfaces. We invite the

readers to consult existing reviews on the topic for more details.316,317 Accumulation

sensors for the detection of heavy metals are among the most present in the literature.

In 1997, Turyan and Mandler used an electrode modified with a self-assembled

monolayer bearing a pyridinium group known to form complexes with CrO4
2� and

Cr2O7
2�.18 Cr(VI) ions were accumulated at the surface of the modified electrode by

immersion in a Cr(VI)-containing solution for 5 min under stirring. The electrode was

then transferred to a Cr(VI)-free for the detection by linear sweep voltammetry

(Fig. 16.8). The sensor thus prepared reached a limit of detection of 0.31 nM and

was highly selective towards Cr(VI) as 0.1 ppb of Cr(VI) could be detected in the

presence of 1,000-fold excess of Cr(III) without significant interferences. This mile-

stone paper has triggered an interest for the development of thiol-based sensors for the

detection of heavymetals in water samples.310,313,318–330 A variety of thiols have been

used to confer selectivity; 3-mercaptopropionic acid,318,324 cysteine319–321 are among

the most common. The metals detected were Cu(II)310,313,318–321,324,326,327,331

Pb(II)313,318 Cd(II)313,325 Hg(II),330 CH3Hg
+,329 La(III),322,323 uranyl332 and

Fe(III).328 Gooding and coworkers covalently immobilized oligopeptides onto a
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self-assembled monolayer for the simultaneous detection of Cu2+, Pb2+, and Cd2+.313

They applied partial least squares regression with an array of sensors modified with

four different peptides to determine simultaneously Cu2+, Pb2+ and Cd2+. The chal-

lenge here mainly resides in the overlap of the voltammetric signal of Pb2+ and Cd2+,

which was overcome by the statistical analysis given by the four different chemically

modified electrodes.313

Electrodes modified with thiol self-assembled monolayers were also used for the

detection of small organic molecules such as pesticides and toxins,311,333–337

drugs309,338 and explosives.339,340 Proteins341–344 and bacteria306,312,314,345–348 can

also be detected using electrodes modified with a thiol monolayer. The target

analyte is accumulated at the surface of the chemically modified electrode at

open-circuit potential. This preconcentration step is followed by a detection step

which consists of running a voltammogram for the accumulated redox active

analytes or an electrochemical impedance spectrum in the case of non-redox active

proteins and bacteria. Electrochemical impedance spectroscopy is particularly well-

suited to the detection of bulky molecules and biological entities as this technique is

based on current variations caused by disturbances at the electrode solution

interface.

Fig. 16.8 (a) Square wave voltammograms of a 4-(2-mercaptoethyl)pyridinium-modified gold

electrode after preconcentration of increasing concentrations of Cr(VI): (1) 0, (2) 0.42, (3) 0.83, (4)
3.53 and (5) 5.44� 10�10 M; (b) Calibration curve for Cr(VI). Reprinted with permission from

reference (18) Copyright (1997) American Chemical Society

16 Electrode Materials (Bulk Materials and Modification) 425



Electrocatalytic Sensors

The electrode surface can be modified to allow a reaction to happen or to improve

its kinetics. The most common electrocatalytic sensors are based on the immobili-

zation of enzymes onto an electrode surface, taking advantage of the selectivity and

efficiency of the biomolecule. Immobilized enzymes biocatalyze a reaction that

consume the target analyte. As for sensors based on specific antigen—antibody or

aptamer—protein interactions (described in the previous section), a thiol monolayer

serves as an attachment layer to immobilize the enzyme. The immobilized enzyme

has been selected for its sensitivity to the target analyte and its specificity against

interferents. Nevertheless, attachment of the enzyme is not trivial and a special care

must be taken for its orientation on the electrode surface to remain active.316 As for

accumulation sensors, enzymes are often immobilized through EDC-NHS349–352 or

glutaraldehyde.353,354 Two main mechanisms are available for the electrochemical

transduction. In the first case, the product of the enzymatic reaction is electrochem-

ically active and is detected by amperometry. Inhibition sensors can also be used for

the detection of pesticides. In this case, the presence of the pesticide inhibits the

enzymatic reaction by slowing down its kinetics. Chemically modified electrodes

based on horseradish peroxidase, tyrosinase, and acetylcholinesterase are using this

approach for the detection of pesticides and phenolic compounds.349–352 Enzymatic

biosensors for the environment have been widely developed for the detection of

small organic pollutants (e.g., phenol derivatives) and pesticides.349–355

Permeability Sensors

Although the vast majority of thiol-based electrochemical sensors are using elec-

trodes modified with a densely packed self-assembled monolayer,28 Markovich and

Mandler introduced the notion that disorganized monolayers might present some

properties beneficial from the analytical viewpoint.356 They have demonstrated that

they could control the level of organization of a decanethiol self-assembled mono-

layer by maintaining short spontaneous adsorption times, obtaining a “brush” type

of monolayer with a large number of small pinholes and defects in the monolayer.

These findings are in good agreement with previous work by Calvente et al.,357 in

which the impossibility to form a densely packed monolayer with mercaptoethane

sulfonate was highlighted. The reasons for the disorganized nature of a

mercaptoethane sulfonate monolayer were attributed to (1) the short alkyl chain

limiting van der Waals lateral interactions, (2) steric repulsion between adjacent

thiols due to the presence of the bulky and charged sulfonate groups, (3) incorpo-

ration of solvent molecules facilitated by the high water solubility of the sulfonate

group. Herzog and Arrigan harnessed the disorganized monolayer approach to the

detection of Cu and Pb via underpotential deposition in the presence of surface-

fouling compounds.358–360 Gold electrodes modified with mercaptoethane sulfo-

nate and mercaptoacetic acid allowed underpotential deposition of Cu2+ ions at the

surface of the electrode while surfactant molecules were maintained away from the
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electrode surface, preventing its fouling. The disorganized monolayer approach

offered a simple surface protection method for the detection of copper in soil

extracts361 and wine,362 whereas bare gold electrodes were not operating properly.

This method also bypasses any sample pretreatment normally necessary to remove

dissolved organic matter susceptible to foul the electrode surface. Huang and Lin

formed a disorganized monolayer on a nanoporous gold electrode reaching better

sensitivities and limits of detection than with a smooth gold electrode.363 The

nanoporous aspect of the electrode surface increased the surface area of the

electrode while a disorganized monolayer of (3-mercaptopropyl)sulfonate

prevented the adsorption of surfactants. These nanostructured chemically modified

electrodes were successfully used for the detection of Cu2+ in lake waters.

16.2.1.2 Electrode Modification by Electroreduction

or Electrooxidation

Among the numerous methods commonly used for the formation of organic coat-

ings on surfaces (plasma deposition of polymers, spin coating, vapor deposition

usually employed for inorganic coatings, electrodeposition for coating conducting

surfaces with metals, self-assembly. . .), electrografting is a powerful technique that
allows the chemical modification of conducting and/or semiconducting surfaces

with organic matter by formation of thin films (typically between one monolayer

and 50 nm) via very strong substrate-molecule links. Several electrografting

methods and their corresponding mechanisms of grafting have been described

involving either electrochemical reduction or oxidation processes and eventually

leading to the formation of covalent bonds of different nature.364–368 The formation

of a covalent bond between the electrode surface and the electrografted species

should contribute to a major stability of the modified surfaces and would lead to an

increasing number of applications, for example by providing a novel way to confine

biomolecules on electrode surfaces.369 Electrografting techniques are often sepa-

rated in oxidative and reductive processes since the first ones can only be performed

on nonoxidizable substrates. Among the most commonly employed reagents it

should be highlighted the use of aliphatic amines, carboxylates, alcohols, Grignard

reagents, vinylics, diazonium salts and halides as well.

Electrografting by Reduction of Diazonium Salts

A first sign of the formation of an organic layer on metallic surfaces by electro-

chemical reduction of aryl diazonium salts is the disappearance of the expected

characteristic broad and irreversible cathodic wave observed by cyclic voltammetry

upon an initial scan towards negative potentials. Such “blocking effect” of the

electrochemical response was firstly pointed out by Parker and coworkers.370 The

different steps that take place along the electrografting process were established later

on.17,371 It has been demonstrated that the electron transfer concerted with the loss of
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a nitrogen molecule leads to the formation of an aryl radical which is responsible of

the organic layer covalently attached to the electrode surface (Fig. 16.9).372

The formation of the covalent bond is strongly supported by the long stability of

the organic layer formed and its resistance to ultrasonication. The electrochemical

modification is due to the reaction of some of the electrogenerated aryl radicals with

the surface whereas the aryl radicals remaining in solution can undergo hydrogen

abstraction from the solvent, further reduction, dimerization or even decomposition

depending on the nature of the solvent. Some of the products formed following

these alternative routes can be deposited on the surface and readily removed by

rinsing. Even if they are described here in the monolayer section, the organic layers

usually obtained can have thicknesses ranging from monolayers to multilayers that

can be simply modulated by controlling the charge consumed during the

electrografting process. Tuning both the potential and the electrolysis time allows

a careful control of the charge during the electrografting process leading to the

formation of a monolayer.373 AFM measurements have been used to determine the

thickness of the layers growing on glassy carbon374 and highly ordered pyrolytic

graphite375 surfaces respectively. Several mechanistic approaches have been pro-

posed to rationalize the formation of multilayers366 and the formation of azo bonds

growing from the first layer obtained on the electrode surface as well. The forma-

tion of a multilayer has been explained starting with the electrochemical reduction

of two molecules of a diazonium salt as a first step. One of the aryl radicals formed

close to the electrode surface would be able to bind the substrate whereas the other

one would react with the phenyl group already grafted on the surface. The mech-

anism proposed for the formation of multilayers on carbon and metals is outlined in

Fig. 16.10. Two routes, A and B, must be considered with a common first step

consisting of the monoelectronic reduction of the diazonium salts (R1). Considering

the reduction of two molecules, one of them will react with the substrate (R2) while

the second one will be able to attack the phenyl group already grafted on the

electrode surface leading to a grafted cyclohexadienyl radical (R3). According to

route A, the attached radical can react with an aryl radical leading, through reaction

R4 and R5, to a pure polyphenyl layer. The reaction of the cyclohexadienyl radical

with a diazonium cation (route B) would be also possible leading to the formation of

azo bonds in the polymeric chains (R6). Reaction R6 leads to a radical cation that

should be easily reduced (R7). The re-oxidation (R8) of the cyclohexadiene

obtained through R7 is favored, being the driving force for this reaction the

re-aromatization and higher degree of conjugation of the two substituents. This

mechanism explains both the growth of polyphenyl layers during the

electrografting process and the presence of azo bonds in these multilayers.

Fig. 16.9 Surface

modification by

electroreduction of

aryldiazonium species
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Diazonium salts have been electrografted on a variety of substrates: various

forms of carbon such as highly ordered pyrolytic graphite (HOPG),376,377

graphene,378–380 glassy carbon plates,17,371,381 carbon fibers382 and nanofibers,383

carbon felts,384 carbon blacks,385–387 ordered mesoporous carbons,388–390 carbon

nanotubes391,392 and/or diamond,393–396 silicon,397–400 AsGa401 and InAs/GaAs

quantum dots,402 noble,403–405 coinage406 or industrial metals407–409 and

nanoparticles,410–413 and oxidized surfaces such as indium tin oxide (ITO),414

SnO2
415 and TiO2.

416 Inorganic substrates such as SiO2, SiOC and SiC417 can

also be derivatized. The electrochemical modification can be carried out either in

acidic aqueous media when a protic solvent is required or mainly in acetonitrile

when an aprotic organic media is used.

Alternatively to the electrochemical reduction, spontaneous formation of a

covalent bond has been also observed on carbon,418–426 gold,427 Si, Ga, As and

Pd401 and/or metallic surfaces such as Ni, Cu, Zn or Fe, which are able to reduce the

diazonium cation,428 avoiding the electrochemical step.

An important number of chemical sensors exist based on diazonium electro-

chemically grafted surfaces.424,429–436 These modified surfaces have been used to

detect ions and a variety of molecules of pharmaceutical, toxicological, environ-

mental, or biological interest. A first example dealing with sensing applications of

Fig. 16.10 Schematic mechanism of formation of multilayers during electroreduction of

aryldiazonium species. Reprinted with permission from reference (366) Copyright (2007) Amer-

ican Chemical Society
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the monolayers obtained by electrochemical reduction of aryl diazonium salts was

based on the use of a glassy carbon electrode modified with 4-phenyl acetic acid

diazonium tetrafluoroborate to which glucose oxidase was covalently bound to the

modified electrode surface.437 Table 16.3 summarizes some examples of the mod-

ified electrodes as chemical sensors.

The electrochemical reduction of diazonium salts has been also used for the

development of DNA biosensors.438 In this sense, DNA oligonucleotides have been

attached to carbon,439,440 diamond441,442 and silicon.443 Two strategies have been

developed to this aim. A first strategy is based on the attachment of the activated

nucleotides to diazonium-modified substrates439,443 whereas a second approach

involves the diazotization of the aminophenyl groups of the analyte which is

electrochemically addressed to the substrate.444

Analogous procedures have been employed for the development of other bio-

sensors, mainly based on the attachment of proteins and enzymes to surfaces. For

instance, 4-aminophenylnitrilotriacetic acid-modified screen-printed carbon elec-

trodes that can chelate Cu(II) and Ni(II) ions, were used to bind a histidine tagged

horseradish peroxidase or a green fluorescent protein.445 In addition, a lot of

enzymes such as monoamine oxidase,446 glucosidase,447 hydrogenase448 and cyto-

chrome449 have been attached to different carbon surfaces, gold and polymers. Fast

electron transfer,450 and full activity of the enzymes451 are among some of the

requirements that must be accomplished in order to use the attachment of these

biomolecules for electrochemical detection purposes.

Electrografting by Reduction of Vinylics

The electrochemical reduction of acrylonitrile was the first example of the forma-

tion of a covalent bond from vinylic compounds leading to the formation of thin

polymeric layers on metallic cathode surfaces.449–451 The formation of a chemical

Table 16.3 Examples of chemical sensors based on diazonium chemistry-modified surfaces and

their applications

Substrate Diazonium salt (DS) Application

Carbon,

gold

• Dimethoxy hydroquinone DS

• Phenyl acetic DS bonded to glucose

oxidase

• 4-Carboxyphenyl DS

• 4-Nitrobenzene DS followed by the

reduction of the nitro functional group

and attachment of the EDTA

• Aminophenyl DS attached to horserad-

ish peroxidase

• 4-Nitrobenzene DS followed by the

reduction of the nitro functional group

to aminophenyl and

pyrroloquinolinequinone

• pH sensor429

• Selective detection of dopamine in the

presence of ascorbic acid424,430

• Accumulation of Cu(II) with no inter-

ference of Pb (II) in tap waters; detec-

tion of uranium431,432

• Detection of Pb(II)433

• Detection of levetiracetam

(antiepileptic drug)434

• Detection of NADH435,436
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bond has been proved between the surface and the polymer. The electrografting

mechanism has been rationalized according to a first flat adsorption of the vinylic

monomer452–457 on the surface followed by an electron transfer process which leads

to a radical anion responsible of the formation of the covalent bond. The negative

charged species bonded can be stabilized by the attack of a new monomer that

creates a bonded dimer anion with a negative charge further away from the

electrode. The polymerization can continue along an anionic mechanism. It should

be noted that only the initiation step involves an electrochemical process, the

growth of the polymeric layer being a purely sequence of chemical reactions.

Vinylic compounds have been attached by electrochemical reduction to an

important number of oxidizable materials such as Fe, Ni, Cu, Au, Pt or stainless

steel, but also carbon, silicon, CdSe and Teflon.450–465 Most of metals can be

covered with oxides which could be reduced by the application of negative poten-

tials during the electrografting process. However, the possibility that the

electrografting occurs also on oxidized sites cannot be ruled out.

The electrografted polymeric films can be loaded with different substances

allowing the development of new composite materials.466,467 To obtain modified

surfaces with specific properties, more complex polymers have been electrografted.

For instance, an acrylate with a N-succinimidyl group, highly reactive with nucle-

ophiles, has been substituted by a ferrocene group or even by biotin-avidine

moieties.468,469 The electrografted layers possessing appropriate functional groups

have been further modified by performing chemical reactions leading to additional

derivatization of the layers with biomolecules and other targets.

Electrografting by Oxidation of Aliphatic Amines

Aliphatic amines are electrochemically oxidized by an irreversible and slow elec-

tron transfer followed by a chemical step consisting of the deprotonation of the

corresponding radical cation leading to the formation of radical species capable to

form a covalent bond with the electrode surface (Fig. 16.11).470 The formation of an

organic layer on an electrode surface by electrochemical oxidation of an alkyl

amine was firstly described on carbon surfaces471–474 and then on Au, Pt,475 and

p-Si.476 A large variety of amino derivatives have been electrografted (simple alkyl

amines, amines substituted with ferrocene and thiazole groups, different amino

acids, benzylic amines with nitro and phosphonic groups and so on).

The organic layers obtained have been characterized by electrochemical tech-

niques when the alkyl amines employed contained electroactive groups such as

nitro groups, and also by X-Ray Photoelectron Spectroscopy (XPS),470–472,477,478

Fig. 16.11 Electrochemical oxidation of alkyl amines and their grafting mechanism
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infrared spectroscopy,470,478 quartz crystal microbalance,375,376 atomic force

microscopy (AFM), scanning electron microscopy (SEM)479 and electrochemical

impedance spectroscopy (EIS).473,477,479,480 The characterization carried out by IR

using partially deuterated amines and the XPS measurements470 made possible to

conclude that the covalent bond is formed through the N atom of the amino group

(Fig. 16.11).

These modified surfaces have been used for chemical analysis, attachment of

biomolecules, catalysis and electrocatalysis. For instance, electrodes modified by

oxidation of amino acids have been used for the determination of dopamine in the

presence of ascorbic or uric acids,481,482 a biosensor has been developed by electro-

chemical oxidation of thionine where multilayers of horseradish peroxidase were

growth by employing glutaraldehyde as a coupling reagent displaying a fast

response and low detection limit.481 Redox catalysts have been also grafted to

electrode surfaces by means of the electrochemical oxidation of alkyl amines. In

this sense, a histamine-coordinated Os complex has been synthesized as a model

redox amine attached to a carbon surface by electrografting and used as an electron

transfer mediator between the electrode and a model enzyme.483 In addition, these

N-modified surfaces have been used to prevent the adsorption of biomolecules on the

electrode surfaces. In this sense, the electrografting of tetraethyleneglycoldiamine

contributes to the reduction of the adsorption of several proteins on surfaces.484,485

Such modified surfaces have been also used to develop pH sensors,486 H2O2 bio-

sensors,481 or to immobilize DNA by oxidation of ethylenediamine on carbon

nanotubes.487

Electrografting by Oxidation of Carboxylates

The electrochemical oxidation mechanism of carboxylates is closely related to the

Kolbe reaction.488,489 The mechanism (Fig. 16.12),490 consists of a first oxidation

leading to the formation of RCOO• type radical species which upon decarboxyl-

ation will lead to the formation of R•. The rate of the decarboxylation process is

Fig. 16.12 Electrochemical oxidation of carboxylate and subsequent grafting of generated radical
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quite fast, so that the formation of such radical species takes place close to the

electrode surface and they could react with it. Simultaneously, these radical species

R• are much easier to oxidize than the starting material, RCOO�, and at the applied
potential some of them could be also oxidized to the carbocation R+. The formation

of carbocationic species has been proved since compounds coming from their

reaction with nucleophilic species have been detected. A competitive mechanism

is proposed but the electrografting mechanism should be favored when the radical is

formed close to the electrode surface. The film thickness corresponds to 3–4

molecular layers (from 2.0 to 3.3 nm) and has been estimated by AFM.491 This

electrografting process has found application mainly in the field of catalysis and

electrocatalysis.492–494

16.2.1.3 Other Types of Monolayers on Electrodes

Self-assembled monolayers can also be formed by the covalent attachment of a

silane molecule onto a surface made of SiO2, TiO2 or indium tin oxide.28 The first

example of self-assembled monolayer was presented by the early work of Jacob

Sagiv in 1980.495 Silane functional groups react with hydroxyl surface groups to

form a covalent bond between the substrate and the Si atoms. Monolayers thus

formed are more chemically and mechanically stable than thiol self-assembled

monolayers.496 Nevertheless, they are more difficult to form as a more stringent

control of the experimental conditions (solvent nature, water content, reaction time,

temperature) is needed. Indeed, the ability of silane to undergo hydrolysis in the

presence of water and condensate to form multilayers is an hindrance to the

formation of self-assembled monolayers. The quality of the self-assembly also

depends on the alkyl chain length and on the functional group nature as it has

been seen for thiol monolayers. The difficulty to form a silane monolayer, com-

pared to the simplicity of thiol chemisorption on gold, has limited the number of

electrochemical sensors based on silane self-assembled monolayers.497–500 Silane

monolayers have found more applications in the domains of molecular electron-

ics501 or of sensors whose transduction mechanism is based on physical principles

(e.g., surface acoustic wave) rather than on electrochemical ones.502,503 The elec-

trode surface can be modified by silanes via the sol–gel chemistry route, which

leads to the formation of multimolecular layers. The environmental applications of

such chemically modified electrodes will be presented in a following section.

Organophosphonic acids are another family of molecules known to form a self-

assembled monolayer onto indium tin oxide substrates.504,505 Although no chem-

ically modified electrodes based on organophosphonic acids monolayers have been

developed for sensor applications, the transparent nature of the indium tin oxide

electrode might spark some interest for sensing applications.

16 Electrode Materials (Bulk Materials and Modification) 433



16.2.2 Homogeneous Multimolecular Layers

16.2.2.1 Organic Polymers

In the late seventies, the work of two different groups reported the electrochemistry

of electroactive polymers (poly-p-nitrostyrene and polyvinylferrocene) adsorbed on
platinum electrodes.8,9 Since, polymers have been used to provide new functional-

ities to electrode surfaces. The next subsection will present briefly the different

methods described in the literature for the preparation of polymer-based electrodes

for environmental applications. As for the monolayer-modified electrodes, three

main classes of electrochemical sensors (accumulation, permeability and

electrocatalytic) have been developed for environmental analysis as they are

described by the IUPAC.289

Preparation of Polymer-Based Sensors

Polymer-modified electrodes can be prepared either by direct deposition of polymer

onto the surface (via drop-, dip- or spin-coating methods) or by polymerization onto

the electrode surface (via chemical, electrochemical or photochemical routes).290

The simplest method to prepare a polymer-based sensor is by drop-coating a small

volume of polymer dissolved in a solvent. With time, the solvent evaporates leaving

the polymer adsorbed onto the electrode surface. Dip- and spin-coating methods

have also been used to obtain more uniform films. These methods are used when

polymers are already synthesized and need to be immobilized as they are. In situ

polymerization is another effective method to prepare polymer-modified elec-

trodes. For electropolymerization, the electrode is immersed in a monomer solution

(e.g., pyrrole, thiophene, phenol, aniline. . .) and a suitable potential (either cathodic
or anodic) is applied to allow the formation of the polymer film on the electrode

surface. Photopolymerization is rarer in the case of electrochemical sensors. Nev-

ertheless, poly(vinyl alcohol) functionalized with styrylpyridinium and acrylated

polyurethane have been used for the development of electrochemical sensors.506

Secondary Modifications

Modification of electrode surfaces with polymer is seeking the same objective as

with monolayers, i.e., the improvement of the analytical performances in terms of

selectivity and sensitivity. These improved performances can be achieved by the

nature of the polymer itself (e.g., perfluorinated cation-exchanger Nafion®) or by

the incorporation of chemical functionalities. Recognition elements (e.g., biomol-

ecules, ligands) can be entrapped during the polymerization process (electro- or

photopolymerization) or attached after polymerization by chemical grafting or by
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affinity interactions (e.g., biotin-avidin interaction or nitrilotriacetic acid—metal

ions—histidine) (Fig. 16.13).506–508

Biomolecules such as enzymes can be physically trapped in the polymer matrix

during the electropolymerization process as it was first demonstrated in 1986 for

glucose oxidase.12,13 In theory, this method takes advantage of a 3D bulk polymer

matrix, which allows a higher enzyme loading per unit area than a 2D monolayer.

However, this implies that all the enzymes trapped remain accessible, the polymer

matrix allowing the diffusion of the analyte, which is not necessarily true. The

strength of the physical entrapment method resides in its simplicity as it is a

one-step procedure, although leaching of the biomolecules into the solution implies

a decay of the sensor performances over time. This loss of biomolecules and the

difficulty to access trapped biomolecules have encouraged research efforts towards

the attachment of biomolecules to the polymer matrix by either covalent bond or by

affinity interactions. In 1990, glucose oxidase was covalently attached to a

polypyrrole-modified electrode by EDC-NHS chemistry.509 Since, a number of

covalent attachment strategies have been developed using polymer films bearing

surface active groups such as amine, aldehyde, N-hydroxinaphalimide or benzo-

phenone groups.508 Although, covalent attachment of biomolecules improves the

overall stability of the sensor, it is not necessarily optimum as the biomolecule

orientation is not controlled, which eventually lead to a loss of selectivity and

sensitivity. The immobilization of biomolecules by affinity interactions can cir-

cumvent this drawback. Avidin was used as a bridge between biotinylated polymer

films and biotinylated molecules. The possibility to use such polymer-based elec-

trodes for sensing applications was demonstrated by the immobilization of galac-

tose oxidase510 and glucose oxidase,511 both enzymes were biotinylated before

immobilization. Biomolecules can also be immobilized by the formation of a

complex between nitrilotriacetic acid—metal ions—histidine-tagged biomole-

cule.512,513 Finally, molecularly imprinted polymers are a specific branch of poly-

mers for which the recognition element is imprinted in the matrix during the

polymerization process.514–516 Molecularly imprinted polymers are prepared from

a mixture containing the monomer and the target analyte, whose role is to act as

template (Fig. 16.14). After polymerization, the target analyte molecule is

extracted, leaving its imprint in the polymeric membrane. Unlike the other types

Fig. 16.13 Examples of electropolymerizable monomers for the immobilization of biomolecules

by entrapment (a), covalent attachment by photografting (b) and affinity interactions (c)
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of chemically modified electrodes, the recognition element is not a molecule added

to the polymer matrix but is imprinted with the 3D polymer matrix.

Accumulation and Permeability Sensors

As for other types of chemically modified electrodes, heavy metal ions have been a

target of choice, this topic being well-documented by an abundant literature.

Typically, Cu(II), Pb(II), Cd(II), Ag(I) and Hg(II) are among the most common

analytes.517–527 The role of the polymer layer on the electrode can either provide

protection from surface fouling or selectivity toward the target analyte. In 1987,

Florence and coworkers demonstrated the use of Nafion films as a permselective

layer that allowed the diffusion of metals to reach the electrode surface while

organic substances and proteins were maintained away, avoiding surface foul-

ing.14,15 Nafion serves a dual role as it is a cation-exchange polymer and hence

was favorable to the detection of heavy metals by anodic stripping voltammetry as

it was protecting the surface. A number of chemically modified electrodes were

developed for the detection of heavy metals based on Nafion films.528–531 Origi-

nally used to protect mercury-film electrodes, the interest for Nafion in environ-

mental applications has seen a resurgence with the development of bismuth film

electrodes.532–536 Electrodes modified with conducting polymers have also been

used for the heavy metals detection. Their selectivity was assured by the entrapment

of ligands in the polymer matrix,517–519 polymers functionalized with ligands

(EDTA, malonic acid. . .).520–527 Heavy metals are generally detected by pulsed

voltammetry techniques with detection limits in the nM range. Molecularly

imprinted polymers have been developed for the detection of small organic mole-

cules relevant to environmental applications.537–559 These include pesticides,537–546

polycyclic aromatic hydrocarbons,547–549 industrial pollutants,550 antibacterial

agents551 and drugs.552–559 The target analyte is detected by pulsed voltammetry

after an accumulation at open-circuit potential for up to 20 min. The detection limit

usually ranges from μM concentrations down to nM concentrations.

Fig. 16.14 Schematic representation of the molecularly imprinting principle
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Electrocatalytic Sensors

Although the vast majority of enzymatic biosensors based on polymers is developed

for the detection of glucose and other biologically relevant molecules, there are

some examples of biosensors for environmental applications.506–508 One of the

most common example is the use of tyrosinase (also known as polyphenol oxidase)

for the detection of phenol derivatives.560–565 The enzyme can be immobilized in a

polypyrrole or polyaniline matrix by either entrapment, covalent attachment or

biotin—avidin interactions. Limits of detection between 10 nM and 1 μMhave been

reached by amperometry. Biosensors for the detection of pesticides have been

based on the immobilization of acetylcholinesterase enzymes in polymer

matrix.566–571 These biosensors are based on the inhibition of acetylcholinesterase

activity by the presence of pesticides. The enzymes are immobilized by entrapment,

cross-linking or covalent immobilization. Detection by potentiometry or

amperometry has led to limits of detection in the picomolar range whereas poten-

tiometric limits of detection were in the submicromolar range. Higson and col-

leagues have reached an astonishing limit of detection of 10�17 M, which they

attributed to the benefit of three factors.570 A highly sensitive recombinant enzyme

is immobilized on the electrode, the enzyme inhibition is amplified and finally, the

hemispherical diffusion to the microscopic protusion of acetylcholinesterase—

polyaniline protusions they observed on the surface of the chemically modified

electrode improves the mass transport. Such surprisingly low limits of detection

have been obtained in laboratory solutions and have not been repeated on real

samples. In recent years, nano-objects such as metal nanoparticles and carbon

nanotubes, have been incorporated inside the polymer matrix to boost the sensitiv-

ity and limits of detection achieved.572

16.2.2.2 Inorganic Thin Films

The interest for inorganic matrices, e.g., metal oxides, in electroanalysis arises from

their properties, basically different from organic polymers, because of the nature of

the material.573 For instance, a metal oxide can be either conductive,

semiconductive or insulating depending on its composition and the process used

for its fabrication, which corresponds to a very wide range of materials, from pure

inorganic materials to organic–inorganic hybrids.258,574,575

Conductive electrodes based on metal oxide, e.g., indium-tin oxide (ITO), are

widely used in electrochemistry as a support for surface modification with the goal

to develop sensors with electrochemical transduction or combined spectroscopic

and electrochemical responses45,46,576–580 or electrochemiluminescence.581,582

Inorganic thin films can also be prepared from the assembly of two-dimensional

layered inorganic solids, such as cationic clays and layered double hydroxides

(LDHs, also defined as anionic clays).583–585 These materials can be used to

preconcentrate species on the basis of ion-exchange reactions and applied

to heavy metal determination or for the detection of organic pollutants,
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e.g., endosulfan.584 Such inorganic particles have also been used for protein

immobilization, the layered material being also able to intercalate redox mediators

useful to the operation of bioelectrochemical sensors.585 The inhibition of activity

of the protein in the presence of a pollutant, e.g., Hg(II), can also be advantageously

exploited for the detection of this pollutant.585

Metal oxides with controlled porosity and reactivity constitute another class of

materials for which large developments have been performed in the past

20 years.241,586 The preparation of thin films has been thoroughly investigated

notably for electrochemical applications, including energy conversion246 or elec-

troanalysis.188,573 A large overview on the preparation and properties of inorganic

and hybrid mesoporous films has been published some years ago.196 More recently,

a review appeared on the electrochemical approaches for the fabrication and/or

characterization of pure and hybrid templated mesoporous oxide thin films.245

The purpose of this section is to provide some information about the preparation

of inorganic thin films with controlled porosity and reactivity on electrodes. Then,

their interest for environmental analysis is briefly discussed.

Preparation of Mesoporous Thin Films on Electrode

Inorganic thin films can be deposited onto an electrode surface by controlled

evaporation of a starting sol.587–589 Gelification and templating are induced by

the solvent evaporation occurring in the course of deposition (usually made by

dip-coating, spin-coating or any other process involving evaporation590). Various

organic templates have been used (i.e., CTAB, pluronic F127, P123, Brij56, . . .),
leading to mesostructured films with distinct symmetry (cubic, hexagonal, double

gyroid, rhombohedral, . . .).242 The deposition of inorganic films can also be

achieved electrochemically by electrolysis, inducing a pH change at the elec-

trode/solution interface. This local pH modulation leads to a precipitation (OH�

species are likely to react with metal ions)591,592 or a gelification (acceleration of

the polycondensation step in the sol–gel process)593,594 of the metal oxide onto the

electrode surface. These particular methods of electro-assisted deposition can be

advantageously combined with soft templating to prepare mesostructured

films.595–601

Functionalization to Get Organic–Inorganic Hybrid Films

The interest of mesoporous oxides for electroanalysis is related to their high specific

surface area available for preconcentration of the analytes (typically heavy metals

or organics).575 In this respect, their properties can be tuned/extended by durable

functionalization of the inorganic framework with selected organic moieties.602

Two main routes, i.e., grafting or cocondensation, have been described to get

mesoporous organic–inorganic hybrid films bearing organic functionalities that

are linked through strong covalent or iono-covalent bonds. Grafting the surface of
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the inorganic porous film can be obtained by using appropriate reagents, i.e.,

organo-alkoxysilanes or organo-chlorosilanes on silica-based materials,603,604 or

other binding groups such as phosphate, phosphonate, carboxylate, and polyphenol,

which are likely to bind strongly the metal centers of TiO2- or ZrO2-based

mesostructured metal oxides.605,606 The cocondensation is obtained in one-step

by the reaction of tetraalkoxysilane ((RO)4Si) and organo-trialkoxysilane

((RO)3Si-R
0) reagents via the sol–gel route.607,608 Bridged silsesquioxanes,

(RO)3Si-R
0-Si(OR)3, can also be used to form so-called periodic mesoporous

organosilica (PMO) displaying a full integration of the organic groups into the

mesopore walls.609–611

Biomolecule Immobilization

Mesoporous materials with controlled porosity and functionality have been used to

immobilize biomolecules, e.g., proteins.612 Enzymes of small or medium size such

as cytochromes, oxidases, peroxidases, lipases or proteases, can be immobilized via

physical adsorption, encapsulation, or chemical binding. Such immobilization

was found to maintain some activity of the biomolecule, with applications in

the biosensor field.613 Recently, some developments have been reported in the

immobilization of redox proteins in mesoporous transparent electrodes for

spectroelectrochemistry.47–51

Electroanalysis of Heavy Metals or Organics

Imprinting has been reported using sol–gel-derived thin films prepared from vari-

ous monomers to produce hybrid films with specific binding sites for parathion.

Such films could be deposited on glassy carbon electrodes for application in

aqueous solutions. The imprinted films showed high selectivity toward parathion

in comparison to similar organophosphates.614 Nanoengineering the surface of

templated materials using selected functions (thiol,615 amine,616 acetamide

phosphonic acid,617 cyclam,618,619 5-mercapto-1-methyltetrazole620. . .) was found
important for improving both the capacity and the selectivity of the accumulation

process, which can be exploited for environmental sensing.621 Examples of elec-

troanalysis using electrodes modified by mesoporous hybrid films have been

reported for the detection of various metal species, such as Ag(I),622 Hg(II),623 Pb

(II)624 or Cu(II).599 The typical experiment involves the preconcentration of the

analyte in the mesostructured hybrid material, before its desorption/reduction in an

appropriate detection medium, and subsequent electroanalysis, most often by

stripping voltammetry. The selectivity of the adsorption allows in principle to

preconcentrate preferentially the target metal from a complex solution containing

potentially-interfering species.619,621
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16.2.3 Heterogeneous Multimolecular Layers: Bulk
Composites

This last category of CMEs gathers all systems that cannot be classified into the

above homogeneous layers. It mainly includes composite electrodes based on

multicomponent heterogeneous matrices constituted by either (bio)organic625–630

or inorganic631–633 modifiers (including notably clays,584,585,634,635

zeolites575,636–638 and silica-based and related organic–inorganic hybrid

materials246,291,575,639–649). As most of these species/materials are electronically

insulating, their use in connection to electrochemistry requires a close contact to a

conductive electrode material. Besides the above monolayers and homogeneous

multimolecular layers made of modifier species/materials deposited as thin films

onto electrode surfaces, the heterogeneous multimolecular systems are mostly based

on the incorporation of these modifiers into composite conductive matrices such as

carbon paste electrodes or, alternatively, screen-printed carbon electrodes (i.e., their

thick film homologues in the heterogeneous carbon electrochemical sensors fam-

ily650). The modifier is most often mixed with the basic carbon paste constituents

(graphite particles and a binder such as mineral oil or solid paraffin) or a carbon ink

(for screen-printed electrodes). The primary role of the modifier is to bring

new/additional features and notwithstanding the very high number of modifiers

used to date to modify carbon paste or screen-printed electrode, most of them have

been selected for their accumulation capability and/or electrocatalytic properties.

16.2.3.1 Modifier Species/Materials for Carbon Paste

Electrochemical Sensors

A huge amount of organic, inorganic, and organic–inorganic hybrid materials and

species have been dispersed into carbon paste electrodes, CPEs, (or carbon-based

screen-printed electrodes) for being used as electrochemical sensors. They are

briefly listed below, category by category.

Various types of inorganic compounds and materials, existing mainly in the form

of powders, have been embedded into carbon composite matrices. They include:

Polyoxometallates and Prussian Blue Derivatives

Polyoxometallates (POMs) are heteropolyanions exhibiting electrocatalytic prop-

erties,651 which are existing in the form of Keggin-type (XM12O40
n�), Dawson-

type (X2M18O62
n�), mixed-addenda, or transition metal-substituted structures. Fol-

lowing some pioneering works on POM-modified CPEs,652,653 the most widely

used systems were the Keggin-type phosphomolybdate (PMo12
654,655) and

silicomolybdate (SiMo12
655,656) compounds. The attractive electrocatalytic and

ion exchange properties of Prussian Blue (FeIII4 [FeII(CN)6]3) and related metal
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hexacyanoferrates (with FeIII replaced by another transition metal ion) have been

advantageously exploited in electrochemistry.631 The field was pioneered by

Kalcher’s group,657 and metal hexacyanoferrates mostly incorporated in CPEs

were Prussian Blue itself,658–660 copper hexacyanoferrate,661–663 cobalt

hexacyanoferrate,664 or hybrids based on copper and cobalt hexacyanoferrates.665

Clays and Layered Double Hydroxides

Clays are layered aluminosilicates that exhibit cation exchange capabilities and

adsorption properties, while layered double hydroxides are anion exchangers with

a hydrotalcite-like structure. Both have been incorporated in CPEs and exploited in

electroanalysis, mostly to preconcentrate target analytes (usually by ion exchange or

organic compounds by adsorption) prior to their voltammetric detection.584,666

Wang and Martinez acted as pioneers by reporting the first clay-modified CPE.667

Afterwards, many other works were based on the use of montmorillonites668–671 and

sepiolite,672–674 but also bentonites,675–677 vermiculites,678–680 kaolinites,681,682

kaolin,683 (fluoro)hectorites,672,684 muscovite,685 and some other natural smectite

clays.686–688

Zeolites

Zeolites are microporous crystalline aluminosilicates characterized by a regular

spatial arrangement of TO4 tetrahedra (T¼ Si, Al), leading to well-defined struc-

tures made of uniform cages, cavities or channels of defined dimensions (typically

in the 4–15 Å range), whose substitution of Si+IV by Al+III in the framework

generates negative charges that are compensated by extraframework cations to

maintain electroneutrality. Zeolites thus exhibit both size selectivity and ion

exchange capacity. This unique feature is probably at the origin of the great

development of zeolite-modified electrodes689 and, because of its powdered form

and insulating character, most investigations were based on the dispersion of zeolite

particles into CPEs575,636–638 or screen-printed carbon electrodes.690 The large-pore

(8 Å in diameter) faujasite type zeolites Y691–694 and X,694–696 as well as the small-

pore (4 Å in diameter) zeolite A697,698 were mainly used to modify CPEs. Though

less commonly used, other zeolite types include mordenite,699 clinoptilolite,700–702

ZSM-5,690 some natural zeolites,703–705 or zeolite mixtures.706

Silica, Functionalized Silica, Nonsiliceous Metal Oxides, and Sol–Gel-

Derived Inorganic and Hybrid Materials

Silica gels (or fumed silicas) were historically the first materials of this family to be

exploited in CPEs257,645 due to their adsorption and/or catalytic properties associated
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to large specific surface areas (>100 m2 g�1), leading to enhanced electroanalytical

performance.707–709 They were notably used for the preconcentration and detection of

organic pollutants707,710 or for the accumulation of heavy metal cations prior to their

voltammetric detection.708,709 The properties of silica gels exploited in electroanalysis

were then extended by surface modification with very thin reactive layers of metal

oxides (i.e., MxOy monolayers which could eventually be further transformed into

corresponding metal phosphates),711 or with organo-functional groups covalently

attached to the inorganic matrix.257,645–649 This second category was the most inter-

esting one with respect to environmental analysis as it enabled the selective recogni-

tion of analytes (heavymetal ions, for instance) by selected binding sites. Examples are

available for organo-functional groups such as propylamine,616,712,713 a wide range of

functions exhibiting high affinity for Hg(II) species (i.e., mercaptopropyl,615,714

benzothiazolethiol,715 3-(2-thiobenzimidazoyl)propyl,716 2,5-dimercapto-1,3,4-

thiadiazole,717 or 2-aminothiazole718), several groups binding preferably Cu

(II) species (i.e., aminopropyl,616 2-aminothiazole,719 the carnosine dipeptide,720

propylsulfonate,721 salicylidine,722 or cyclam derivatives618), some functions leading

to Pb(II) detection (mercaptopropyl,714 cyclam-acetamide619 or 2-aminopyridine723),

as well as some others likely to recognize other metal ions, alone or in mixture.724,725

Finally, nonsiliceous metal oxides have been also used to modify CPEs726 because of

their attractive catalytic properties, such as ruthenium oxides (mainly RuO2),
727

copper oxides (Cu2O, CuO),
728,729 and to less extent cobalt and nickel oxides.730

Nanomaterials

Two main categories of nanomaterials have been introduced into CPEs: the porous

materials ordered at the nanoscale and nanoparticles. Ordered mesoporous materials,

prepared by the sol–gel process in the presence of a supramolecular template (sur-

factant or water-soluble polymer), are highly porous solids (pore volume

>0.7 mL g�1) exhibiting high specific surface areas (500–1,500 m2 g�1) due to a

periodic and regular arrangement of well-defined mesopores defined by amorphous

inorganic walls. The attractiveness of these materials for electroanalysis purposes

results from their regular channels, high specific surface areas, and consequently high

number of easily accessible active sites, enabled to improve the performance of silica-

modified electrodes,246,575,647 as reported for the detection of metal ions731,732 or

organic pollutants733 at mesoporous silica-modified CPEs. They can also be

functionalized while maintaining an easier access to binding sites and faster mass

transfer processes in comparison to their nonordered homologues, inducing dramatic

increases in sensitivity of the resultingmodifiedCPEs (see illustrative example for Hg

(II) detection at thiol-functionalized silicas in Fig. 16.15).734 Other examples are

mesoporous silica functionalized with aminopropyl,712,735 carbamoylphosphonic

acid,724,736 2-benzothiazolethiol,737 5-mercapto-1-methyltetrazole,738 propylsulfonic

acid,721 thiomorpholine,739 carnosine,720 acetylacetone,740 2-acetylpyridine,741 thio-

urea derivatives,742 or cyclam.618,619 More recently, ordered mesoporous carbon

electrodes have been developed with great promise in electroanalysis,44 these
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materials being most often deposited as particulate films onto solid electrodes but an

example of OMC-modified CPEs has been also described.743 The second category of

“nano” additives to CPEs concerns the nanoparticles (NPs) for which the physico-

chemical properties can differ from the bulk materials. Gold nanoparticles in CPEs

have been exploited for the detection of metal ions.744,745 Other nanoparticles with

electrocatalytic properties are metal oxides, some of them being used for environ-

mental sensing (i.e., SiO2
746 or ZrO2

747). Note that the particular case of nanosized

materials will be treated in the next chapter.

Sparingly Soluble or Insoluble Complexes and Salts

Zirconium phosphate particles have been used as support for a wide range of redox

mediators commonly used in bioelectrochemistry, such as the phenothiazines and

phenoxazines family,748–750 and dispersed into CPEs mainly for biosensor applica-

tions. Calcium phosphates (especially apatite, Ca10(PO4)6(OH)2) were largely used

as CPE modifier for the analysis of pollutants subsequent to preconcentration by

adsorptive extraction.751–754 Other sparingly soluble CPE modifiers for heavy metal

sensors are aluminophosphates,755 mercury oxalate,756 as well as some organo-

metallic complexes.757

1 μA

b

a

E (V)
-0.5 -0.4 -0.3 -0.2 -0.1 -0.5 -0.4 -0.3 -0.2 -0.1

15 μC

d

c

E (V)

Fig. 16.15 Comparison between thiol-functionalized silica gels and ordered mesoporous silicas

(MCM-41 and SBA-15 types) in CPEs applied to preconcentration electroanalysis of HgII species:

electrochemical curves obtained after 2 min accumulation in 1 μM HgII, with various

mercaptopropyl-grafted silica samples incorporated in carbon paste electrodes, (a) small pore

(~4 nm) silica gel, (b) large pore (~6 nm) silica gel, (c) small pore (~3 nm) MCM-41, and (d) large

pore (~6 nm) SBA-15. The curves were recorded after transfer to an analyte-free electrolyte

solution (5 % thiourea in 0.1 M HCl), by applying anodic stripping voltammetry in the differential

pulse mode. Reprinted with permission from reference (734) Copyright (2003) Wiley-VCH
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A great variety of organic and organometallic compounds, such as organic

ligands and catalysts as well as organometallic catalysts, but also organic polymers

and amphiphilic/lipophilic compounds, has been incorporated into carbon paste

electrodes for sensor applications. They are briefly presented hereafter.

Molecular Ligands

Numerous N- and/or S-containing molecular ligands have been used to modify

CPEs and exploited to accumulate target metal species analytes via complex

formation. This family is extraordinary wide so that only some examples are

given hereafter, as cited with respect to the target analyte: 2-mercapto-4(3H)-

quinazolinone758 or the Schiff bases glyoxal bis(2-hydroxyanil)759 and

benzylbisthiosemicarbazone760 for Hg(II); 2,9-dimethyl-1,10-phenanthroline,761

1,2-bismethyl(2-aminocyclopentene-carbodithiolate)ethane,762 salicylaldoxime763

and naphthazarin (5,8-dihydroxy-1,4-naphthoquinone)764 for Cu(II); 2,2-
0-dithiodipyridine,765 2-mercaptoimidazole766 and 3-amino-2-mercaptoquinazolin-

4(3H)-one,767 for Ag(I); benzoin oxime,768 diphenylthiocarbazone769 and p-
phenylenediamine770 for Pb(II); 1-(2-pyridylazo)-2-naphthol771 and 2,4,6-tri

(3,5-dimethylpyrazoyl)-1,3,5-triazine772 for Co(II); dimethylglyoxime773 for Ni

(II); Phenanthroline and 2,20-bipyridyl derivatives for total iron774; Rhodamine B

for Au(III)775; 1,5-diphenylcarbazide for chromium species776; 1-(2-pyridylazo)-2-

naphthol for Mn(II) and Mn(VII)777; 8-hydroxyquinoline for Tl(III)778;

1-furoylthioureas for Cd(II)779; propyl gallate for uranium.780 Note that simulta-

neous determinations of several cations at an electrode modified with the same

ligand is also possible, as illustrated for Hg(II), Co(II), Ni(II), and Pd(II) at CPE

containing dimethylglyoxime781 or Mn(II), Cu(II), and Fe(III) using CPE modified

with 2-(50-bromo-20-pyridylazo)-5-diethylaminophenol.782

Macrocyclic Compounds

Molecular macrocyclic derivatives with “more or less planar geometries” or cage or

cup-like shape structures molecules (see some examples in Fig. 16.16) have been

used to modify CPEs with the goal to improve the selectivity of their accumulation/

recognition properties. Examples of macrocyclic CPE modifiers with “more or less

planar geometries” are: crown ethers (18-crown-6783–785 or dibenzo-18-crown-

6783,785), thiacrown compounds,786 macrocyclic thiohydrazone,787 or tetra-

azamacrocyclic compounds of the cyclam family788; CPEs modified with such

macrocyclic derivatives were used for various purposes such as electrocatalytic,

voltammetric or potentiometric detection of metal ions or organics. In addition,

cyclodextrins789–791 or calixarenes,792–794 both exhibiting very rich host-guest

chemistry, have been incorporated into CPEs and subsequently used as sensors

for metal ions and organic pollutants.
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Organic (Electro)Catalysts

Charge transfer mediators are extremely important in electroanalysis since they

contribute to increase the sensitivity of the electrochemical detection as well as to

enhance the selectivity by lowering the overpotentials usually observed for numer-

ous electroactive analytes, limiting thereby the effect of many interferences. It is

however important to immobilize the mediator at the electrode surface to get

practically usable, reagent-free sensing devices, and CPE is a particularly valuable

host to reach this goal. This is easily made by mixing small amounts (typically a

few w:w %) of such (electro)catalysts to carbon paste to get the correspondingly

modified CPE (actually, the first example of chemically modified CPE was reported

on the basis of quinone derivatives introduced in carbon paste10). Although they

have almost exclusively found tremendous interest in the field of amperometric

biosensors,625 some applications as electrochemical sensors for environmentally

important species have been also reported. Examples involve quinone for nitrite

detection795 or [Fe(CN)5L]
3� (L¼ 4-aminopyridine) for aromatic aldehydes.796 On

the other hand, the extremely popular class of electrocatalysts including the redox-

active dyes phenothiazines, phenoxazines and phenazines, which have found many

applications as CPE modifiers applied to the electrocatalytic detection of biologi-

cally relevant molecules and in the field of electrochemical biosensors,33,650 did not

encounter to date the same success for applications as environmental sensors.

Organometallic Complexes

Another important family of charge transfer mediators that have been immobilized

in heterogeneous carbon-based electrochemical sensors and biosensors is that of

organometallic complexes (Fig. 16.17), such as ferrocene and ferrocene derivatives,

metal phthalocyanines, metal porphyrins, Schiff bases, and some others. Again,

they were mostly applied in the biosensing field or to detect biologically relevant

molecules by electrocatalysis, but various examples of environmental applications

can be found in the literature. For instance, CPEs comprising ferrocene and

ferrocene derivatives have been applied to the electrocatalytic detection of phe-

nol,797 sulfite,798 nitric oxide,799 or hydrazine,800 while ferrocene can be also used

as an electrochemical probe to detect surfactants.801 Phthalocyanines are intensely

colored macrocyclic compounds that form coordination complexes with many

elements of the periodic table, but mainly cobalt phthalocyanine (CoPc) has been

widely used as CPE modifier for the electrocatalytic determination of environmen-

tally relevant species. This has been notably applied to the detection of thiol

compounds,802,803 pesticides (organophosphates,804 carbamates,804,805 dithiocarba-

mates806), herbicides,807 hydrazine,808,809 or bisphenol A.810 Besides CoPc, other

metal complexes of phthalocyanine macrocycles have been introduced into CPEs

for sensing purposes, including complexes of iron,811 copper,812 or manganese.813

On the other hand, the electrocatalytic properties of metal porphyrins were also

exploited, such as copper porphyrin immobilized on zeolite-modified CPE for
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hydrazine sensing814 or CPE modified with silica gels covered with metal oxide thin

films supporting iron815 or cobalt816 porphyrins for the electrocatalytic detection of

molecular oxygen. Some Schiff base complexes were also used for similar pur-

poses.817,818 Finally, other organometallic electrocatalysts have been reported as

CPE modifiers, such as rhodium acetamide,819 iron(II)-nitroprusside,820 or Co(II)-

1-alkyl-1H-benzo[d]1–3triazole derivatives821 for sensing of some pollutants.

Organic Polymers

As aforementioned, functional macromolecular compounds such as organic and

organometallic polymers or organic–inorganic hybrid copolymers have been

widely applied to the chemical modification of electrode surfaces in the form of

films deposited on solid electrodes.294 They have been also directly incorporated as

powder in the bulk of CPE matrices and subsequently exploited for their intrinsic

properties (ion exchange, adsorption, redox/mediator activity, electronic conduc-

tivity, . . .). CPEs were modified with a wide range of chelating resins (i.e.,

containing N- and/or S-based functional groups) likely to bind metal ions prior to

their electrochemical detection.822–826 Molecularly imprinted polymers (i.e., mac-

romolecular compounds formed in the presence of a molecule that is extracted

afterwards, thus leaving complementary cavities behind, which can then be

exploited to the selective accumulation of the original molecule) were also

exploited for their selective recognition properties (e.g., towards pesticides, phenol

derivatives or explosives827–829). Several natural macromolecular compounds

(humic substances,830–832 lichens,833,834 or keratin835) were modifiers of CPEs
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and applied to preconcentration electroanalysis of heavy metals. The second cate-

gory of polymeric modifiers gathers both cation exchangers (polymeric support

functionalized with sulfonate or carboxylate groups, such as the perfluorinated-

sulfonate ionomer, Nafion) and anion exchange resins, which have been used for

electroanalytical purposes. Cations exchangers involve most often a polymeric

support functionalized with sulfonate or carboxylate groups (first example in

early 1984836), such as the perfluorinated-sulfonate ionomer, Nafion, mostly

applied for adsorptive stripping voltammetry of cationic analytes such as metal

ions,837–839 the Dowex 50W-X8 resin,840,841 and several Amberlite resins (e.g.,

IR-120,842,843 IRC-718,844 or XAD-2845). The anion exchange resins were essen-

tially nitrogen-bearing polymers, i.e., quaternized poly(4-vinylpyridine)846,847 and

Amberlite LA2.848–850 Some examples are illustrated in Fig. 16.18. Finally, it is

noteworthy that redox polymers and related electrocatalytic systems (i.e., macro-

molecules containing redox centers which support the electron transfer by electron

hopping), or conducting polymers, have been largely used as CPE modifiers (most

often applied for bioelectrocatalytic purposes33) but only few examples are dealing

with environmental electroanalysis; one example is the electrocatalytic detection of

nitrite with a ruthenium-based polymer.851

Surfactants and Lipids

The interest of amphiphilic and lipophilic compounds as CPEmodifiers relies on their

preferable interaction with the hydrophobic matrix and, once immobilized in/on the

composite electrode, thereby opening the door to further applications to either

adsorptive stripping voltammetry of organic compounds (via favorable hydrophobic

interactions) or to the preconcentration analysis of ionic species via open-circuit

Fig. 16.18 Some examples of polymeric materials (especially ion exchangers) used to modify

carbon paste or screen-printed carbon electrodes
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accumulation by ion-pair formation. Various kinds of cationic, anionic and nonionic

surfactants852 and some lipids853 have been exploited for those purposes. Numerous

examples are available for cationic surfactants: cetyltrimetylammonium bromide

(CTAB, or its chloride homologue CTAC),854–859 cetylpyridinium,860,861 or

Septonex (1-ethoxycarbonylpentadecyltrimethylammonium),862–864 which have

been notably used to detect anionic forms or complexes of metal species. CPEs

modified with anionic (e.g., sodium dodecyl sulfate) and nonionic surfactants were

mainly applied to the detection of drugs or pharmaceuticals.33 This was also the case

of lipid-based CPEs (stearic and lauric acids), which were directed to pharmaceuti-

cals electroanalysis.33

Finally, some biological materials, mainly enzymes, have been introduced into

carbon composite matrices and the resulting electrodes used as environmental

biosensors (in addition to numerous other biosensing applications33,625,650). The

main examples are based on tyrosinase (or polyphenol oxidase) for the detection of

phenolic compounds865–869 or thiols,870 acetylcholinesterase for organophosphate

and carbamate pesticides,804,805,811 organophosphorous hydrolase for pesticides,871

or bienzymatic systems for amperometric immunosensor for polycyclic aromatic

hydrocarbons.872

16.2.3.2 Detection Mechanisms at Modified Carbon-Based

Electrochemical Sensors

The two main detection schemes at chemically modified carbon-based electrodes

are preconcentration electroanalysis and electrocatalysis, even if some other pro-

cesses (potentiometric detection, amperometric biosensors) have been also applied.

Preconcentration Electroanalysis

This technique involves the accumulation of the analyte at the electrode surface

from diluted solutions, via favorable interaction with the electrode modifier, and its

subsequent electrochemical detection. This enables to lower the detection limit and

to increase the sensor sensitivity owing to effective concentration of the analyte.

This is especially useful to enable quantitative determinations when they are not

achievable by direct electrochemical measurement performed in the native

medium. Compared to stripping voltammetric techniques, this one is based on

chemical accumulation rather than on an electrolytic one, thus being basically

independent on potentials. The typical experimental procedure involves successive

steps (Fig. 16.19a) that must be optimized to get the best performance. The analyte

is first accumulated at open-circuit under constant stirring (to enhance mass trans-

port rates). The electrode is then removed from the preconcentration medium,

rinsed with pure water, and immersed into the analysis cell containing an appro-

priate electrolyte, where the electrochemical quantification is carried out (analyte

desorption is usually required, especially when the electrode modifier is an
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insulating material). Medium exchange between accumulation and detection steps

is often performed but not obligatorily. An additional regeneration step can be

necessary when performing successive experiments, which is ideally achieved

chemically (by immersing the electrode in an appropriate medium containing a

regeneration reagent). Mechanical renewal of modified carbon paste surfaces might

be also useful to avoid any memory effects, which is evidently not required for

single-use screen-printed electrodes. Various pathways for analyte accumulation at

chemically modified CPEs have been described, including physical or chemical

adsorption, ion exchange or ion pairing, complexation, hydrophobic interactions, or

even the formation of sparingly soluble compounds (by reaction of the analyte with

a reagent immobilized in the carbon paste matrix). The performance of the modified

electrode is directly related to the modifier properties, especially its binding capac-

ity and selectivity for the target analyte, and to the kinetics of the preconcentration

reaction. Actually a general model, taking into account the modifier capacity and

the recognition reaction order and equilibrium constant, has been established678

and, without entering into the details, the typical dependence of the voltammetric

current on the accumulation/reaction time can be mathematically derived (see an

illustration on Fig. 16.19b). As shown, it represents an exponential curve with a

quasi-linear range at short times because in this case the analyte diffusion to the

binding sites is rate-determining whereas, after long interaction time between

analyte and modifier, chemical equilibrium is attained and currents values tend to

level off.

Electrocatalytic Detections

The analyte can be directly detected on the electrode surface (i.e., without

preconcentration) but this usually suffers from rather high overpotentials. Indeed,

in case of slow heterogeneous electron transfer kinetics, the direct oxidation or
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Fig. 16.19 (a) Schematic illustration of the four successive steps usually involved in a typical

voltammetric analysis performed at a chemically modified electrode after preconcentration. W, R,
and C refer to the working electrode, the reference electrode, and the counter-electrode, respec-

tively. (b) Dependence of the voltammetric signal on the accumulation or reaction time for a 1:1

reaction between a modifier and an analyte (x-axis¼ time in arbitrary units)
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reduction of a redox-active species at the electrode surface might be inhibited, thus

requiring the application of significant overpotentials to overcome the activation

energy barrier at the interface. Several strategies have been developed to circum-

vent this limitation and mediated electrocatalysis is an elegant one (largely applied

with modified CPEs thanks to the (electro)catalytic properties of the modifier

immobilized on/in the electrode surface). The general principle of mediated

electrocatalysis (Fig. 16.20) is described by Eqs. (16.2–16.4) using oxidation of a

substrate SRed into a product POx as an example. Assuming a high overpotential for

the electrochemical oxidation of SRed (ES
�0 �ES

�, Eq. (16.2); the subscript S

indicates the substrate, M the mediator; the prime symbol designates the observed

signal with the corresponding overpotential), the addition of a mediator MRed (from

a fast MOx/MRed redox couple) enables to lower the overpotential barrier by

electrogeneration of MOx at EM
�0 ¼EM

� (Eq. 16.4), which then reacts chemically

with SRed to produce POx with concomitant regeneration of the catalyst MRed

(Eq. 16.3). The overall process results therefore in the electrochemical transforma-

tion of SRed at a much lower overpotential than the initial substrate in the absence of

mediator (EM
�0 �ES

�0).

EM°’ ≅ EM°

ES° ES°’

ES°’’ ≅ EM°

i

E

POx 

SRed

e-

a

b

c

MOx 

MRe

POx 
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POxSRe
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Fig. 16.20 Scheme illustrating the general principle of mediated electrocatalysis at a mediator-

modified electrode: (a) overpotential observed for the direct oxidation of a reductant substrate SRed
into an oxidized product POx (dotted line represents the curve that would have been obtained in the
absence of kinetic limitations); (b) electrochemical behavior of a redox mediator couple (MRed/

MOx) characterized by fast electron transfer kinetics; (c) electrocatalytic transformation of SRed
into POx by means of the mediator immobilized at the electrode surface
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SRed � ne� ! POx ES
�0 >> ES

�ð Þ ð16:2Þ
SRed þMOx ! POx þMRed occurring if ES

� < EM
�ð Þ ð16:3Þ

MRed � ne� ! MOx EM
�0 ffi EM

�ð Þ ð16:4Þ

There is a strong interest in immobilizing the mediator at the electrode surface to

get reagent-free devices (also requiring less amount of mediator as compared to the

soluble ones). It is however important that the mediator is attached strongly enough

to the electrode surface to avoid any leaching into the solution, but also mobile

enough or, as in the case of particulate modifiers, in close contact to carbon particles

to properly act as an efficient electron shuttle between the electrode surface and the

electroactive analyte. The result of the electron shuttling is a lowering of the

overvoltage to the formal potential of the mediator couple (as described above),

with concomitant improvements in both sensitivity and selectivity of the electro-

chemical sensor. In such case, detection is usually made voltammetrically or

amperometrically.

Other Detection Modes

Though not so widely applied to heterogeneous multimolecular modified elec-

trodes, potentiometry was sometimes used for the direct detection of analytes likely

to interact with the electrode modifier (e.g., organic ligands,873–876 metal

oxides,877,878 surfactants879). In such case, the electrode response was proportional

to the logarithm of the analyte concentration contrary to the direct proportionality

between the analyte concentration and the sampled current in amperometric or

voltammetric analysis. Stripping potentiometry (or potentiometric stripping analy-

sis) was also reported.880,881 Finally, electrogenerated chemiluminescence was

exploited at modified CPEs for the detection of drugs or organic pollutants.882–884
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17. Delamar M, Hitomi J, Pinson J, Savéant JM (1992) Covalent modification of carbon surfaces

by grafting of functionalized aryl radicals produced from electrochemical reduction of

diazonium salts. J Am Chem Soc 114:5883

18. Turyan I, Mandler D (1997) Selective determination of Cr(VI) by a self-assembled mono-

layer-based electrode. Anal Chem 69:894–897

19. Attard GS, Bartlett PN, Coleman NRB, Elliott JM, Owen JR, Wang JH (1997) Mesoporous

platinum films from lyotropic liquid crystalline phases. Science 278:838–840
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153. Urbanová V, Bartoš M, Vytřas K, Kuhn A (2010) Porous bismuth film electrodes for signal

increase in anodic stripping voltammetry. Electroanalysis 22:1524–1530
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285. Lai CZ, Fierke MA, Stein A, Bühlmann P (2007) Ion-selective electrodes with three-

dimensionally ordered macroporous carbon as the solid contact. Anal Chem 79:4621–4626

286. Bard AJ (1994) Integrated chemical systems: a chemical approach to nanotechnology, vol

7. John Wiley & Sons, New York, NY

287. Elliott CM, Murray RW (1976) Chemically modified carbon electrodes. Anal Chem

48:1247–1254
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acrylic and methacrylic monomers onto metals. Influence of the relative polarity and donor-

acceptor properties of the monomer and the solvent. Eur J Inorg Chem 1998:1711–1720
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686. Tonlé IK, Ngameni E, Walcarius A (2005) Preconcentration and voltammetric analysis of

mercury(II) at a carbon paste electrode modified with natural smectite-type clays grafted with

organic chelating groups. Sensor Actuat B 110:195–203
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Chapter 17

Nanosized Materials in Amperometric

Sensors

Fabio Terzi and Chiara Zanardi

During the last 20 years, the scientific community has witnessed the diffusion of a

large number of different nanosized materials in many different applications.1–5

Following an analogous trend, their use in electroanalysis has found so wide

diffusion that, nowadays, electrode modifications based on these materials consti-

tute the preferred approach for the development of amperometric sensors; quite

spontaneously, this trend has also involved the field of environmental monitoring.

The main advantages ascribable to the use of nanosized materials in electro-

analysis directly derive from their nanometric dimensions:

1. The high number of atoms localised in the correspondence to defects, such as

vertexes and corners, that confer the material peculiar reactivity in

electrocatalytic processes.

2. The high surface to volume ratio that induces an enormous enlargement of the

electroactive area when nano-objects are deposited on the electrode surface.

3. The small spatial dimension that allows a direct electrical connection with the

biological recognition element.

4. The possibility to stably fix, onto the electrode surface, a large number of

molecules possessing functional groups capable to selectively interact with the

analyte in solution.

Due to the outstanding properties of these materials, the number of reviews and

books published so far is so high that even a mere list of them is almost impossible

to compile.5–32 However, it should be admitted that the term “nano” is sometimes

used also to indicate objects whose size is often in the “micro regime.” Actually, the

distinction between nano- and micro-objects is not univocal and depends on the

nature of the material. Most properly, it is based on the characteristics exhibited by

the material, as we will try to explain in this chapter.
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Althoughmany aspects discussed hereafter are also valid in a variety of disciplines,

specific applications in the field of electroanalysis will be treated. For this reason, only

electrically conductive nanosized materials will be considered. They mainly consist

of metal nanoparticles (NPs), carbon nanotubes (CNTs), graphene, and, to a lesser

extent, metal oxides, quantum dots (QDs), metal clusters, and fullerenes.

17.1 Classification of Nanosized Materials

The classification of nanosized materials is quite challenging, due to the extreme

heterogeneity of compositions and shapes reported so far. A tentative classification

may be based on dimensionality of the structures, as shown in Table 17.1.33

The classification scheme reported above can not be applied rigidly: as an

example, NPs can be considered 3D objects when compared to much smaller

structures such as 0D clusters, which consist of aggregates of few tens of atoms

characterised by a well-defined structure.34 At the same time, Transmission Elec-

tron Microscopy (TEM) images show that carbon black grains possess a spherical

shape, i.e. they can be considered a 0D object, but actually consist of disordered

graphene sheets.

In most cases, nanostructures consist of an inorganic core of metals, carbon or

semiconductors. Relatively few examples of organic nanosized materials have been

reported; in the majority of cases, they are based on conductive polymers.35

Metal nanomaterials are generally based on noble metals, although the use of Ag

and Cu has been also reported.8, 11, 13–15, 17–20, 23, 24, 26–28 NPs constitute the most

common nanostructure reported in electroanalytical applications; although their

shape can be approximated to a sphere, more properly they consist of polyhedrons

(Fig. 17.1). Among the other reported metal nanostructures, nanowires are most

popular.36, 37

Carbon nanostructures (Fig. 17.2) constitute a variety of materials mainly based

on carbon atoms possessing sp2 hybridisation. The most important similar materials

in electroanalysis are CNTs1, 25, 29, 30, 40, 41 and graphene,1, 7, 9, 12, 21, 22, 42–46 even

though applicative examples involving fullerenes47 and carbon blacks48 are also

reported. Both CNTs and graphene can be considered graphite derivatives, consisting

Table 17.1 Tentative classification of the nanosized materials

Nanostructures

Number of dimensions

in the nanoscale Examples

Zero-dimensional (0D) 3 Nanoparticles, clusters, carbon

black, diamondoids, fullerenes

One-dimensional (1D) 2 Nanowires, nanotubes

Two-dimensional (2D) 1 Graphene

Three-dimensional (3D) 3 Tetrapodal structures,

nanoporous systems
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of rolled up or planar sheets, respectively. In the specific case of CNTs both single-

and multi-wall tubes have been employed, although a precise assessment of the

analytical performances of the two systems has not been reported. Although CNTs

are often considered to exhibit uniform sp2 structures, they possess a number of

structural defects, such as vacancies and interstitials49, 50; their role in conditioning

the electrocatalytic properties of the material still constitutes a debated aspect.

As to semiconductors, they mainly consist of metal oxide NPs, e.g. TiO2, MnO2

and CuOx, or of QDs, e.g. CdSe and CdS. They are only occasionally used in

electroanalysis, even though the number of literature reports has been increasing for

the last few years.14, 15, 54, 55

Fig. 17.1 Images of Au

NPs at atomic resolution

level registered by means

of TEM. NPs possessing

icosahedral (a), cubo-

octahedral (c) and truncated

decahedral (e) shapes are

shown, together with the

relevant hardball models

of the NPs (b, d, f,

respectively). (g, h)

are scanning electron

microscopy (SEM) image

of Ag nanowires and

relevant geometrical model,

respectively. Adapted with

permission from refs. (38, 39)
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17.2 Synthesis of Nanosized Materials

The strict control of size and shape of the nanosized material is extremely important

for the performances exhibited by the resulting sensor. For the same reason, the full

comprehension of the relation between properties and structure is only possible

when using nano-objects characterised by similar shape and narrow size distribu-

tion, i.e. characterised by a relative standard deviation lower than 20 %. A large

number of synthetic parameters affects the size, size distribution and shape of the

nano-objects.

Two different strategies can be followed for the synthesis of nanosized mate-

rials, i.e. either a top-down or a bottom-up methodology. The former one is based

on the subdivision of bulk material into finely divided particles that can be collected

as solid powder, suspended inside a liquid or directly deposited onto the electrode

surface. The minute particles are usually obtained by physical methods, such as

thermal evaporation, sputtering, or laser ablation. In addition, nanosized particles of

metallic nature can be also obtained by electrochemical synthesis, exploiting the

dissolution of a sacrificial anode.56

The bottom-up strategy is based on wet chemical or gas phase methods. In

particular, at least four families of methods can be identified in the case of

solution-based methods56, 57:

Fig. 17.2 Different carbon-based materials used in electroanalysis: schemes for single- (a) and

multi- (b) wall CNTs, graphene (c), C60 fullerene (d); TEM images of carbon black particles (e).

Adapted with permission from refs. (42, 51–53)
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1. Chemical reduction of metal salts.

2. Electrochemical deposition onto a substrate.

3. Decomposition of organometallic compounds.

4. Biosynthesis through living organisms.

In the case of methods in gas phase, different procedures, such as chemical

vapour deposition, condensation of metal vapours and laser pyrolysis, have been

proposed.58, 59

Many synthetic procedures, such as the major part of wet chemical methods, are

relatively simple; hence, the researchers often prefer synthesising the nanosized

material on their own. This choice allows one to tune the properties of the materials

by changing the details of the preparation procedure. On the contrary, procedures

based on complex and expensive instrumentation, such as those required to prepare

CNTs, force one to buy the nanosizedmaterials on the market. It is worth noticing that

for the last 20 years the number of firms commercialising nanomaterials, and the

variety of products offered, have increased enormously, following the trend of diffu-

sion of these materials in many applications. The major drawback affecting some of

the commercial products, in particular CNTs, lies in the presence of significant

amounts of impurities originating from the synthesis. For this reason, different puri-

fication protocols have been developed, aiming at obtainingmaterials characterised by

a more exactly defined chemical composition. In particular, the dispersion of CNTs in

strong acidic media represents one of the most popular procedures adopted to remove

metallic impurities, although a number of defects and a significant shortening of the

CNT length have been observed at the end of this chemical treatment.60

Sometimes, further treatments are necessary to obtain more efficiently

performing materials, following one of the methods previously described. As an

example, the highly conductive graphene is generally obtained through (electro)

reduction of graphene oxide61, 62; the last material, simply prepared by exfoliation

of graphite flakes, is stable in water but poorly conductive in absence of (electro)

chemical pre-treatments.

17.3 Stability of the Nanosized Materials in Solution

The majority of synthetic procedures previously described, consisting of both

top-down and bottom-up approaches, require nanosized materials to be stably

dispersed in solution. To this aim, the inorganic core has to be surrounded by an

external shell (Fig. 17.3), generally consisting of a more or less ordered and dense

organic monolayer. It constitutes the interface between the nano-object and the

solution. In the case of a bottom-up approach, it also plays a key role in controlling

the growth of the inorganic cores.

The stability of nanosized materials in solution can be predicted on the basis of

Derjaguin and Landau, Verwey and Overbeek (DLVO) theory, and relevant exten-

sions.63 Among the different processes occurring in charge of nano-objects in
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solution, it is important to consider that finely divided powder spontaneously tends

to reduce the surface/volume ratio, leading to an increase of the dimensions of the

cores and ultimately to lose the peculiarities proper of nanomaterials. Two main

processes may be operative: aggregation and coalescence.64, 65 Aggregation con-

sists in the formation of ensembles of nano-objects due to the interaction among the

cores or among the encapsulating layers of adjacent nano-objects. After aggrega-

tion, the cores still retain their own individuality, so that the properties typical of

nanosized materials are preserved. On the other hand, coalescence consists in the

formation of nanostructures characterised by a different shape and by core dimen-

sions larger than those of the starting nano-objects, so that they may lose the

characteristics of true nanosized materials.

The stable dispersion of nano-objects in solution is generally achieved by

exploiting repulsive forces between encapsulating clouds. Different mechanisms

can be actually activated66, 67:

1. Electrostatic stabilisation (Fig. 17.4a), which takes advantage of electrostatic

repulsion among nano-objects, thanks to net positive or negative charges pos-

sessed by the capping layer (e.g. citrate or chloride ions surrounding Au NPs or

carboxylic groups formed on the surface of CNTs through acid treatment).

2. Steric stabilisation (Fig. 17.4b), which is based on the steric repulsion between

the organic layers of neighbouring nano-objects approaching to each other

(e.g. alkylthiols or polymers surrounding Au NPs).

3. Electrosteric stabilisation, which implies both the previously described mecha-

nisms (e.g. Au NPs surrounded by ionic surfactants, such as tetraalky-

lammonium salts: the alkyl chains generate steric repulsion, while the charged

head groups induce coulombic repulsion).

Some authors claim that nano-objects can be dispersed in solution without

the addition of any encapsulating agent; in this case, the solvent itself acts as the

capping agent56 and the impurities present in the solvent media may play a role in

the stabilisation. In addition, the precursors of the nano-objects may release capping

species during the synthesis; as an example, Au NPs can be prepared in solution

Fig. 17.3 Simplified

scheme showing an

inorganic core surrounded

by an encapsulating shell;

the main chemical

functionalities of the

organic molecules are

evidenced. For the sake

of simplicity, the case

of NPs is reported
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phase without the addition of any additional encapsulating agent, since the precur-

sor, namely AuCl4
�, releases Cl� anions during the reduction process68: Cl� anions

act as labile, though effective, encapsulating species. Some examples of encapsu-

lating agents are reported in Table 17.2.

Alternatively, more or less rigid enclosures acting as templates can be also

used. A typical example in electroanalysis is given by the electroless deposition

of noble metal nanostructures in polycarbonate membranes.73 The template can be

Fig. 17.4 Electrostatic

(a) and steric (b) forces

induce stable dispersion

of nano-objects in solution.

For the sake of simplicity,

the case of NPs is reported.

Adapted with permission

from ref. (66)

Table 17.2 Some examples of encapsulating agents acting on given nanosized particles

Encapsulating agent Nanomaterials Reference

Thiols Au NPs encapsulated by 1-dodecanethiol 69

Amines Pt NPs encapsulated by 1-dodecylamine 70

Tetraalkylammonium

salts

Ni, Cu, and Au NPs encapsulated by tetraoctylammonium

bromide

67

Inorganic anions Au NPs encapsulated by chloride anions 68

Carboxylic acids Au NPs encapsulated by citrate anions

CNTs treated with strong acidic solutions

60, 71

Phosphines Pd NPs encapsulated by triphenylphosphine 72

Solvent molecules Ti, Zr, V, Nb and Mn NPs encapsulated by

tetrahydrofurane molecules; adsorbed chloride ions can

contribute to the stabilisation of the NPs

67
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subsequently retained in order to keep the nano-objects well separated from each

other, e.g. when the aim is to obtain a nano-electrode array. Alternatively, it can be

removed, e.g. in order to disperse the nano-objects in solution.

17.4 Reactivity of the Layer of Encapsulating Agent

Since the encapsulating shell constitutes the interface between the inorganic core

and the surrounding environment, the properties of the whole nanosized material

are strongly conditioned by the chemical nature of the capping species.74–81 The

most important aspects to take into account are:

1. The strength of the interaction between the organic cloud and the inorganic core.

2. The permeability of the organic shell to species in solution.

3. The reactivity of the outermost portion of the organic layer.

In particular, encapsulating agents can be more or less strongly anchored to the

core. Strong chemical bonds are generally preferred when specific organic func-

tionalities, acting as the effective site of interaction with the analyte, have to be

anchored on the outermost surface of the inorganic core. This is, for instance, the

case of DNA strands stably anchored on Au NPs by means of thiol moieties. On the

other hand, when well-packed organic layers are formed, the inorganic core results

insulated with respect to species in solution. Labile encapsulating agents are

generally preferred when the interaction between the analyte and the inorganic

core is essential to the effectiveness of the sensing system, e.g. to activate

electrocatalytic processes. Moreover, when the synthesis of the nano-objects is

part of a more complex process leading to modified electrodes, the use of labile

capping molecules is crucial in order to easily substitute them by more strongly

adsorbed species. As an example, in the case of the formation of composite

materials, the interaction of the core with the second component, e.g. with poly-

meric chains, is essential in order to reach a stable anchoring.82, 83 A further

application requiring the use of labile encapsulating agents concerns two-step

synthetic procedures: in a first step nano-objects encapsulated by a labile surround-

ing cloud are formed, and in a second step the labile encapsulating system is

substituted by more strongly grafted molecules, which represent the final capping

agents. As an example, Au NPs surrounded by nucleic acid strands can be prepared

through the synthesis of Au cores capped by citrate ions, which are subsequently

substituted by DNA84 or Peptide Nucleic Acid (PNA)85 molecules.

As already mentioned, the outermost portion of the organic layer conditions the

interaction of the nano-objects with the external environment. Organic moieties can

induce selective interactions with the analyte in solution; for instance, carboxylic

groups on the surface of CNTs form complexes with heavy metals.86 Alternatively,

as it happens in the example reported in Fig. 17.5, specific functional groups can

activate chemical reactions leading to the anchorage of a second layer on the

outermost portion of the nano-object, which may bear the actual receptors for the
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target analyte. On the other hand, the outermost portion of the organic shell can

induce stable anchoring of the nano-objects on the electrode surface; this aspect

will be detailed in the following.

It is well evident that the investigations on the reactivity of organic molecules

anchored on the inorganic core surface are essential to predict the properties of the

nanosized materials.75–79 However, these studies constitute a challenging task:

molecules anchored on the surface of nanosized materials exhibit peculiar behav-

iour with respect to the analogous molecules in solution. One of the most notable

examples is the change of the acidity character of the molecules undergoing

adsorption, as reported by many authors.79

17.5 Multicomponent Nanosized Materials

Many multicomponent materials, conventionally called “hybrids,” have been pro-

posed so far, taking advantage of the nature of nanosized materials. Their use is

very appealing from a scientific and technological point of view, particularly with

respect to catalysis and electrocatalysis, since the properties of these systems often

do not derive from the mere sum of those of the single components: in most cases, a

synergic action notably improve the performance.88

Despite an univocal definition of the term “hybrid” is still missing in the

literature, a possible general classification has been reported by Gomez-Romero

in the case of bicomponent systems, which represent the most frequently reported

materials.89 Figure 17.6 reports a similar classification scheme, suitably adapted to

the nanosized materials that are most commonly reported in electroanalytical

applications. Composites constitute a family of hybrid materials that play major

Fig. 17.5 Assembling process of tyrosinase (Tyr) modified Au NPs on chemically functionalysed

graphene oxide (GO) sheets, and subsequent deposition onto screen-printed electrodes. Reprinted

with permission from ref. (87)
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role in electroanalysis; according to IUPAC they are defined as «multicomponent

materials comprising multiple, different (non-gaseous) phase domains in which at

least one type of phase domain is a continuous phase».90

Many materials reported in Fig. 17.6 have been widely applied in electroanal-

ysis. Metal NPs deposited on CNTs and conductive polymers including NPs,

graphene or CNTs52, 91–99 constitute typical examples. On the contrary, several

quite interesting multicomponent materials (Fig. 17.7a–d)34, 100, 101 are still poorly

investigated in the frame of electroanalysis. In the case of bicomponent materials,

they mainly consist of:

a. Alloy structures.

b. Core-shell structures.

c. Small NPs of a first component segregated inside a bicomponent nanostructure;

the term “segregation” indicates the formation of small ensembles of atoms of a

first component inside shells of a second component, acting as a sort of

“adhesive.”

d. One component partially segregated on the surface of a nano-object made of a

second component.

Similar structures usually consist either of metals or of semiconductors such as

in the case of QDs. Although the synthesis of these multicomponent nanosized

materials is based on strategies similar to those employed for monocomponent

materials, important experimental modifications should be adopted.34 As an exam-

ple, in the case of bimetallic nano-objects, if the synthetic procedure starts from the

Fig. 17.6 Tentative

classification of

bicomponent hybrids

most commonly reported

in electroanalytical

applications

506 F. Terzi and C. Zanardi



relevant metal salts, the order according to which the components are reduced

constitutes the most important synthetic variable. The simplest method lies in the

contemporary reduction of two different metal salts. Alternatively, it is possible to

perform a two-step reduction: one metal salt is reduced in the first step, forming

monocomponent metal nanostructures and the second metal salt is reduced in a

following step, generating a coating on the surface of the first metal. It is worthy to

note that some authors102 report that intimate contact between structures possessing

different composition, possessed by mixtures of different nanosized materials

(Fig. 17.7e), may lead to properties very similar to those of the relevant alloys.

17.6 Grafting the Nanosized Materials on a Substrate

The grafting of nanosized materials onto a substrate is a very important topic for

practical applications,103 also including electroanalysis. The deposition procedure

should be carefully chosen and controlled, aiming at conferring the surface the

properties sought. In particular, the morphology of the resulting nanostructure, the

access of species in solution to the inorganic cores and the spatial arrangement of

the nano-objects on the electrode surface constitute the most important aspects to

take into account in choosing the most suitable deposition approach to adopt.

Due to many constrains previously discussed when dealing with the preparation

of nano-objects, these are generally synthesised in advance with respect to the

anchoring on the surface. In this respect, the main strategies reported in

the literature consist of grafting pre-synthesised nano-objects through a monolayer

or a thicker film, i.e. in the form of a hybrid material. Alternatively, the synthesis

and the deposition can be carried out concomitantly; as an example, metal

and metal oxide nanostructures can be obtained through electrodeposition of the

relevant precursors.

Fig. 17.7 Main

bicomponent nanosized

materials: alloy (a) and

core-shell (b) structures;

segregation of small NPs

(c) and partial surface

segregation (d). A mixture

of nano-objects possessing

different composition is

also shown (e). For the

sake of simplicity the

case of NPs is reported
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17.6.1 Grafting of Pre-formed Nano-objects
Through Monolayers

Pre-synthesised nano-objects can be deposited onto electrode substrates through a

more or less ordered monomolecular organic layer, possessing a thickness up to few

nanometres.74, 75, 81 The main strategies reported in the literature are schematised in

Fig. 17.8.104, 105

Monolayers suitable to anchor nano-objects on electrode surfaces are based on

organic species possessing two functional groups. The groups at the outermost

portion of the monolayer can form strong chemical bonds either with the inorganic

core (Fig. 17.8a) or with the capping organic layer (Fig. 17.8b); typical examples

are thiols or amines for the grafting of noble metal NP cores, or carboxylic acids for

the anchoring of amine functionalised CNTs or NPs. The portion of the molecules

located between the two functional groups affects the charge transmission through

the electrode coating and conditions the final structure and stability of the mono-

layer. It is evident that the chemical and physical properties of such a thin film can

be widely tuned by changing the chemical composition of the organic molecule

forming the monolayer.1–8, 106

Self-Assembled Monolayers (SAMs) actually constitute peculiar cases of

monolayers1–8 consisting of adsorbed or covalently anchored molecules on a

substrate surface, that undergo a self-organisation process: after adsorption on the

substrate, the final structure of the SAM consists of a packed well-ordered thin film.

Hence, the relation between the properties of the coating and its structure can be

established. Unfortunately, the term “SAM” is sometimes used also to indicate

what is actually a disordered monolayer, so that misleading information can be

extracted from the literature.

Fig. 17.8 Some deposition strategies followed in the deposition of nano-objects onto electrode

surfaces through monolayers. For the sake of simplicity, the case of an ordered monolayer is

shown
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Organosulfur compounds represent the most common class of molecules

exploited for formation of monolayers.1–8 Among the possible systems, the most

extensively studied ones are based on thiols adsorbed on Au.

When considering electroanalytical applications, monolayer depositions are

commonly prepared in liquid phase, by simply dipping the substrate into a dilute

solution of the organic molecules, in the millimolar concentration range.

A peculiar case consists of deposition of nano-objects by exploiting the organic

shell surrounding the inorganic core; in this case, a functional group suitable to

achieve direct anchoring of the nano-object on a bare substrate should be present in

the outermost portion of the encapsulating cloud (Fig. 17.8c).

17.6.2 Grafting of Pre-formed Nano-Objects
in the Form of a Hybrid Material

Hybrid materials can be synthesised in solution and subsequently deposited on

electrode surfaces, as in the case reported in Fig. 17.5. In many cases, the deposition

is simply carried out by means of drop casting, even though more complex pro-

cedures can be adopted. Alternatively, the deposition of nano-objects on the

electrode surface may require the formation of a hybrid material on the substrate.

At variance with the grafting through monolayers, thicker films are generally

obtained in this case.

Since a precise classification of the different preparation methods is not straight-

forward,97, 99 only some of the most important deposition methods exploited in

electroanalysis are listed in Table 17.3.

In most cases, the stable anchoring of nano-objects on electrode surfaces is

achieved thanks to inclusion in an organic matrix. It can simply act as a support

for the nano-objects or improve the performances of the sensing system taking

advantage of synergic effects. When the organic matrix possesses an insulating

nature, the amount of conducting nanosized materials included has to be suitably

chosen in order to exceed the charge percolation threshold; on the other hand,

in case of conducting matrices the fraction of nano-objects can be varied in a

wider range.

17.6.3 Concurrent Synthesis and Deposition of Nano-Objects

A number of procedures allow the contemporary formation of metal and metal

oxide nano-objects and their deposition onto electrode surfaces.117–120 In the case

of metal nanostructures, the processes involve chemical or cathodic reduction of the

relevant metal salts (Fig. 17.9).
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Nanostructures deposition can be carried out on bare substrates (Fig. 17.9a) or on

polymeric films pre-synthesised on electrode surfaces (Fig. 17.9b). Alternatively, the

formation of the nano-objects and of the polymer matrix can occur concurrently on

the electrode surface (Fig. 17.9c); in this case, the relevant monomer molecules can

constitute the reducing agent. The presence of the monomeric precursor or of the

already synthesised polymeric component during the formation of the nano-objects

may lower the extent of aggregation: the organic chains may act as seeds for the

formation of nanostructures or as encapsulating agents.

As to metal oxide nanostructures, a number of different procedures have been

proposed. The most adopted one consists in the variation of the pH value in the

close proximity of the electrode surface, induced by an electrochemical process; the

local increment of the pH value leads to precipitation of oxide/hydroxide species

onto the electrode surface.121

Table 17.3 Most important methods used to graft nano-objects on electrode surfaces leading to

formation of hybrid materials

Method Example Reference

Dispersion of nano-objects and

polymers in solution and subsequent

deposition by means of drop casting

or spin coating

Ag NPs encapsulated by hexadecyl

ammine mixed with poly

(3-hexylthiophene) in chloroform

107

Single wall CNTs mixed with

polyaniline in N-methyl-2-

pyrrolidinone

108

Inclusion in sol-gel Embedding of Au NPs encapsulated by

citrate ions in a (3-mercatopropyl)-3-

methoxysilane sol

109

Electrogeneration of polymers on a

substrate in the presence of

nanostructures

Inclusion of Au NPs encapsulated by

N-dodecyl-N,N-dimethyl-3-ammonium-

1-propanesulphonate during the

electrogeneration of poly

(3,4-ethylenedioxythiophene) films

110

Chemical synthesis of a soluble polymer

in the presence of nano-objects and

subsequent deposition by means of drop

casting or spin coating

Chemical polymerisation of pyrrole in

the presence of CNTs in acidic aqueous

solution containing an oxidising species,

namely persulphate ions

111

Adsorption of nano-objects on a

preformed polymeric film

Au NPs encapsulated by tetraocty-

lammonium bromide adsorbed on poly

(3,4-ethylenedioxythiophene) film

surface

112

Layer-by-layer deposition Alternate deposition of anionic Au NPs

encapsulated by

11-mercaptoundecanonate and a cat-

ionic polythiophene

113, 114

Langmuir-Blodgett and Langmuir-

Schaeffer deposition

Co-deposition of poly

(3-hexylthiophene) and Au NPs encap-

sulated by dodecanethiol

115, 116
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The synthesis of nano-objects concurrent to their deposition onto electrode

surface allows the formation of nanostructured surfaces in a very rapid and easy

way, without the addition to the solution of any other chemical species, except for

the supporting electrolyte or the reducing agent. However, although many authors

claim that the size of the resulting nanostructure can be controlled by suitable

choice of the deposition parameters, the size distribution of the obtained

nanostructures is generally quite broad.

17.7 Electroanalytical Applications of Nanosized Materials

As already mentioned, many amperometric sensors have been developed with one

or more of the nanosized materials previously described.1–32 In the following

sections, we will try to highlight how the performances of many amperometric

sensors, in terms of sensitivity, limit of detection and selectivity, can be signifi-

cantly improved by the use of materials under the different “nano” forms, critically

analysing systems that are most often encountered in environmental context.

Fig. 17.9 Formation of metal nanostructures on surfaces, through different reduction processes of

the relevant metal salts
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17.7.1 Nanosized Materials in Electrocatalytic Reactions

Many species of interest in the environmental monitoring are electroactive,

e.g. NO2
�, NO3

�, (poly)phenols and nitroaromatic derivatives. However, a number

of drawbacks limit the use of bare conventional electrodes in the determination of

these species by means of amperometric sensors: (1) evident electrode fouling,

mainly due to products of the electrochemical reaction, (2) low selectivity, due to

overlapping of electrochemical signals coming from different species in solution,

(3) scarce sensitivity that often raises the limit of detection. Finally, it should be

noticed that there are situations in which the overpotential involved in the charge

transfer in charge of the analyte is so high that the relevant signal is overlapped to

the solvent discharge. In many similar cases, the properties of nanosized materials

allow the amperometric sensors to exhibit performances considerably superior with

respect to those of bare electrodes. Indeed, nanostructured surfaces induce peculiar

interaction with the analyte in solution, finally leading to voltammetric responses

usually located at less extreme potential values and characterised by higher and

sharper current peaks and by higher repeatability (Fig. 17.10).

The general term “electrocatalysis” is many times invoked to give account for the

peculiar behaviour of nanostructured surfaces with respect to bare ones. Due to the

character of these electrode materials, electrocatalysis is meant here to refer to a

lowering of the activation energy of the charge transfer, rather than to the involve-

ment of a redox mediator. However, a clear definition of the mechanisms involved in

the analyte/surface interaction is often challenging. The frequent occurrence of

complex electrode mechanisms and the necessity to complement electrochemical

investigations with microscopic and spectroscopic studies constitute main constrains

Fig. 17.10 Cyclic voltammograms recorded on 0.25 mM NO2
�, 0.1 M phosphate buffer solution

(pH 7.2) in the absence (a) and in the presence (b) of 0.25 mM N2H4 and SO3
2�. The responses

collected at bare (1), sol-gel (2) and sol-gel/Au NPs (3) modified glassy carbon electrodes are

reported; 0.02 V s�1 scan rate. Adapted with permission from ref. (122)
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in preventing from a precise definition of the system. Some clues can be extrapolated

from electrocatalytic studies carried out in the frame of investigations on fuel cells. In

particular, it has been proved that the electro-oxidation of different species, such as

alcohols and carbohydrates on the surface of noble metals takes advantage of the

formation of surface hydrated oxides.123

In the case of nanosized materials, electrocatalytic properties may arise from a

combination of many different peculiarities. They mainly take origin from the

presence of a number of atoms possessing a low coordination number, localised

in correspondence of vertexes and corners of the nano-objects. This may induce

significant decrease of the overpotential involved in charge transfer processes of the

target analyte, leading to voltammetric signals significantly different with respect to

those recorded at bare electrode surfaces.

The comprehension of the mechanisms involved in surface/analyte interaction

becomes even more challenging when the performances of the sensor can take

advantage of co-catalytic effects arising from the formation of a hybrid material. In

these cases, the electrode coatings may exhibit electro-catalytic performances

superior to those of the two single components, so that electrochemical processes

involving the analyte occur at less extreme potential values (Fig. 17.11). However,

only few papers have studied the mechanisms involved in electro co-catalysis.

Besides electrocatalysis, different effects also need to be taken into account to

explain the improvement of sensor sensitivity when using nanosized materials,

e.g. the increase of electroactive surface area and the reduced fouling. As a

matter of fact, although only very rarely considered, electrode fouling broadens

Fig. 17.11 Linear sweep voltammograms recorded at modified glassy carbon electrodes in

5.0 nM NO2
�, 0.1 M phosphate buffer solution; 0.1 V s�1. Different electrode coatings have

been considered: CNTs (a), CNTs-Chit (b), OMIMPF6-CNT-Chi (c), (OMIMPF6-CNT) gel (d),

(OMIMPF6-CNT) gel-Chi (e). (Chit chitosan, OMIMPF6 1-octyl-3-methylimidazolium hexafluor-

ophosphate). Adapted with permission from ref. (124)
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the voltammetric peaks as a consequence of the progressive modification of the

electroactive sites during the voltammetric scan; in this respect, antifouling effects

induced by the nanostructured surface not only result in more repeatable signals,

but also in sharper peaks.

17.7.2 Nanosized Materials in Stripping
Voltammetric Techniques

As described in Chap. 10, sect. 10.4.6, the term “stripping voltammetry” refers to a

series of electrochemical techniques based on a two-step procedure involving

(1) pre-concentration of the analyte at the electrode surface and (2) potential

sweep, according to different possible waveforms, inducing analyte

re-dissolution. In particular, anodic stripping voltammetry constitutes the electro-

chemical technique of choice for the detection of heavy metals at the trace level.

Although this analysis has constituted one of the oldest applications of electro-

chemistry in analytical chemistry, it still represents an open problem in the envi-

ronmental control. The main advantage arising from the use of nanostructured

surfaces should be ascribed to the notable increase of the electroactive area,

which induces a higher amount of analyte molecules to be pre-concentrated on

the electrode surface (Fig. 17.12); this aspect positively affects both the sensitivity

and the detection limit of the analysis.

Moreover, sharp voltammetric peaks are generally recorded when using nano-

structured electrode coatings, resulting in resolution of signals of different metals in

solution and further increase of peak heights. In this respect, the differences

between bare and nanostructured surfaces are supposed to be due to a different

interaction of the resulting zero-valence metals with the electrode surface: the

presence of atoms possessing a low coordination number in the nanostructured

surface may induce less strong chemical interactions, favouring the stripping step.

Among the different nanostructured surfaces proposed for such an application,11

those based on Bi and Sb represent good alternatives to Hg. Noble metal NPs are

also widely used, especially for As and Hg determination, due to the affinity of

these materials for the zero-valence metals.

Many amperometric sensors developed for heavy metal quantification are based

on carbon nanostructured surfaces, mainly consisting of CNTs and graphene. The

interaction of these nanosized materials with the analytes involves carboxyl groups

localised in correspondence to the defects of the nanostructure. However, the

possible involvement of metal impurities normally present in CNTs, as well as

the capability of sp2 hybridised carbon sites to adsorb species from the solution,

should be also taken into account. On the other hand, the adsorption of many

organic and inorganic species present in the solution constitutes the main drawback

that limits the actual applications of carbon-based electrode materials in real

matrices. Some strategies have been proposed to reduce this effect, e.g. the
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deposition of CNTs on a Nafion coating acting as an electrostatic filter. A step

forward in this direction is represented by the use of hybrid materials consisting of

metal NPs supported on CNTs.126 Electrodes consisting of similar hybrids take

advantage of (1) the enormous enlargement of the electroactive surface area

induced by the use of CNTs and (2) the electrocatalytic properties of metal NPs;

the presence of this component at the solution/electrode interface limits the adsorp-

tion of interfering organic species at the CNT surfaces.

The strong adsorption of organic molecules occurring at carbon surfaces can be

exploited to improve the sensitivity of the sensor response toward several organic

species: analytes can be pre-concentrated at carbon nanostructured surfaces in

advance to the actual voltammetric detection, following an approach very similar

to Solid Phase MicroExtraction (SPME). This analytical procedure, called

“Adsorptive Stripping Voltammetry” (AdSV) has been applied for the detection

of electroactive species of interest in the environmental field, such as herbicides127

or nitro-derivatives.128 Thanks to the occurrence of mechanisms similar to those

Fig. 17.12 Cyclic voltammetric responses of 0.5 mM As(III) in 0.1 M HCl at bare Au electrode

(solid line), at CNTs (dashed line) and at Au NPs/CNTs (dash dotted line) modified glassy carbon

electrodes; 0.1 V s�1 potential scan rate. Inset reports square wave anodic stripping voltammetric

responses in 10–70 nM As(III) solutions (pre-deposition: �0.4 V vs. SCE for 120 s; stripping:

f¼ 50 Hz, Esw¼ 20 mV, ΔEs¼ 2 mV). Adapted with permission from ref. (125)
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described in the previous section, voltammetric peaks often result very sharp and

located at less extreme potentials.

Independently of the stripping strategy adopted, the selectivity of the sensor can

be enhanced by the functionalization of the nanosized material with organic

moieties, which induce selective adsorption of the target analyte. As an example,

this strategy has been widely exploited for the analysis of heavy metals11 by stably

fixing carboxylic, amino or thiol groups on the surface of the inorganic core.

As it is well evident from the mechanisms described, the proper choice of

morphology of the nanostructured surface plays a key role in defining the properties

of the sensor. As a general consideration, electroactive surfaces possessing as high

as possible roughness are generally preferred, in order to increase the sensor

sensitivity. To such a purpose, pre-synthesised nano-objects are generally linked

to the underlying electrode surface by means of organic83 or inorganic129 polymeric

films: when compared to monolayers, the porous polymer binder allows a higher

number of nano-objects to be finally present at the electrode/solution interface.

Moreover, this second component can also play an active role in the electrochem-

ical process involving the analyte, so that a synergic effect between the two

components can be finally invoked.

As already cited, metal nanostructured surfaces characterised by a high surface/

volume ratio can be also obtained by electrochemical approaches.

17.7.3 Nanosized Materials in Bio-Catalytic Sensors

The selectivity of many amperometric sensors takes advantage of the involvement

of a biological element. When considering the environmental monitoring, several

chemical species are detected through the use of bio-catalytic sensors, i.e. sensors

requiring the mediation of a specific enzyme; a few examples include phenol-

pesticides by means of tyrosinase, nitrate by means of nitrate reductase and

organophosphorous-pesticide by inhibition of acetyl cholinesterase. Furthermore,

redox active proteins can also be involved, such as in the case of haemoglobin in the

catalytic reduction of nitrite.

The advantages arising from the use of a biological element also include the

possibility to reach very low detection limits.

The co-presence of nanosized materials in these electrode coatings appears

promising to further improve the performances of bio-catalytic sensors. The advan-

tages are not merely related to the possibility of significantly increasing the number

of biological receptors at the solution/electrode interface. Two further important

properties of nanosized materials, in fact, can positively affect the performances of

these biosensors, namely their nano dimension and their electrocatalytic properties.

The nano dimension of the material allows the enzyme to adapt its three-

dimensional configuration to the morphology of the underlying nanostructure,

without undergoing protein denaturation. This process induces an intimate contact

between the nano-objects fixed at the electrode surface and the redox active sites of
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the enzyme, often located well inside the protein. Nano-objects finally act as

electrical bridges providing effective charge transfer between the substrate trans-

ducer and the bio-receptor; hence, the addition of a suitable redox mediator in

solution is unnecessary. As a direct consequence the charge transfer rate is not

limited by the diffusion of the redox mediator to the electrode surface and unaf-

fected by ohmic drops due to the insulating nature of the polypeptide shell sur-

rounding the active site of the enzyme.

Several bio-catalytic sensors take advantage of the electrocatalytic properties of

the nanosized materials previously underlined. This aspect is particularly meaning-

ful for enzymes requiring the presence of NAD+ as the cofactor or leading to H2O2

production: as previously highlighted, the use of nanostructured surfaces allows the

detection of the analyte at less extreme potential values, and leads to voltammetric

peaks characterised by higher repeatability and leading to high sensitivity detection.

Among different nanosized materials, Au NPs and CNTs are most widely used

to obtain stable anchoring of proteins on electrode surfaces. The strategy most

frequently adopted consists in the formation of amide bonds between amino groups

of the peptide chains and carboxylic groups in the outermost portion of the

nanosized material. Alternatively, deposition procedures can be based on electro-

static attraction between positively or negatively charged encapsulating shells and

enzymes possessing opposite charge, as a function of the relevant isoelectric point

and of the solution pH value. This last deposition process can be also reiterated in a

so-called layer-by-layer deposition technique, to increase the number of biological

element on the electrode surface. Due to the hydrophilic nature of the deposit, even

proteins in the internal part of the coating are in close contact with the solution, so

that interactions between the biological element and the analyte are well possible.

17.7.4 Nanosized Materials in Affinity Biosensors

Affinity biosensors, namely genosensors, immunosensors and aptasensors, can be

suitably developed to quantify the amount of many biohazard agents in environ-

ment. The list of the species possibly detectable by one of these sensor systems is

quite wide. It ranges from simple chemical species, e.g. heavy metal ions,130 to

more complex pathogenic microorganisms.131

Many sensor systems take advantage of the stable deposition of bio-receptors on

nanostructured surfaces. Although many papers simply ascribe the improvement of

the sensor sensitivity to the higher amount of biological elements that can be

anchored on such a surface, only a few papers discuss the correlation between sensor

performances and morphology of the nanostructure.132–134 The authors conclude

that the marked curvature of NPs affects the spatial disposition of bio-receptor

molecules on the surface, inducing a poorly packed structure that facilitates the

access of the complementary bio-molecule to form the receptor-analyte adduct. This

result indicates that the careful control of the substrate morphology constitutes the

basis for the obtainment of particularly sensitive sensors.
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The performance of affinity sensors can be also improved by the involvement of

nanosized materials, in particular Au NPs and QDs, acting as labels for the actual

formation of the receptor-analyte adduct. Actually, the amperometric signal of

many affinity sensors derives from an electrochemical process directly involving

the analyte. Most often, redox active species need being added in solution and many

different strategies can be adopted to indirectly collect the amperometric signal.

Among the many different approaches proposed in the literature that involve

Fig. 17.13 Schematic representation of two strategies involving nanosized materials in

genosensors. (a) Amplified detection of DNA by means of Au NPs functionalised with the

complementary oligonucleotide sequence. The anchoring of DNA on the electrode surface is

detected by exploiting a positively charged redox probe, namely [Ru(NH3)6]
3+, interacting with

negatively charged phosphoric groups of DNA. A higher amount of electroactive species is present

in the close proximity of the electrode surface when using NP functionalised strands. Adapted with

permission from ref. (135). (b) Multiple detection of three DNA sequences by means of labelling

with different QDs, namely ZnS, CdS, and PbS; after hybridisation, QDs are dissolved and the

relevant metal ions are quantified by anodic stripping voltammetry. Adapted with permission

from ref. (31)
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nanosized materials, Fig. 17.13 reports only a couple of examples, trying to show

the main advantages arising from the use of nanosized tags. For the sake of

simplicity, the case of genosensors is reported; similar strategies can be also

exploited in different affinity sensors.

17.8 Characterisation of the Nanosized Materials

As it is well evident from the description of electroanalytical applications of

nanosized materials, the strict control of the chemical composition, size and

shape of the nanostructured coating is of primary importance for the obtainment

of a sensor possessing the properties sought. To such a purpose, the use of a number

of characterisation techniques is fundamental in order to establish precise relation-

ships between the properties of the material and its structure. The most important

investigative approaches are based on microscopic, spectroscopic and electrochem-

ical techniques.136

As to microscopic techniques, TEM and SEM play a key role in the definition of

the size of the nano-objects and of the morphology of the nanostructures on the

electrode surface. Scanning probe microscopic techniques include a number of

different experimental setups that can also give important morphological informa-

tion. Atomic Force Microscopy (AFM) constitutes the most popular experimental

setup, although a number of different scanning probe configurations are nowadays

possible in order to obtain additional information concerning composition, electri-

cal conductivity, optical and mechanical properties; they include conducting AFM,

phase imaging AFM, Kelvin probe microscopy, electric force microscopy, scan-

ning near field optical microscopy and photocurrent imaging.136, 137

As to spectroscopic techniques, Energy Dispersive Spectroscopy (EDS) is usu-

ally coupled with electron microscopies, aiming at determining qualitative and

quantitative composition of the nanostructures on the surfaces. To this same aim,

photoemission spectroscopy and vibrational spectroscopies, in particular IR absorp-

tion and Raman scattering, are also very popular.136, 137

As to purely electrochemical techniques, also “simple” voltammetric techniques

in the presence of reversible redox couples in solution can give a clear indication of

the actual deposition of the nanostructure on the electrode surface and of the effects

on the charge transfer resistance. This information can be complemented by

impedance spectroscopy (EIS) investigations, which evidence changes in charge

transfer process at the electrode/solution interface before and after electrode

modification.

Although the major part of the reported instrumental investigations are carried

out in the dry state, in the frame of amperometric sensing the most proper charac-

terisation setup should allow the analysis of the electrode coating in the solution

phase and under polarisation at given potential values. To this aim, microscopic and

spectroscopic techniques should be coupled to electrochemical ones138; the most

meaningful examples include AFM137, 139 and absorption spectroscopies in the UV-
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Vis-NIR and IR spectral ranges.136, 137 The main problem that limits the diffusion

of these hyphenated techniques consists of the time resolution required to follow

evolving electrochemical systems in real time.

A number of attempts have been also carried out to characterise these electrode

coatings by coupling optical and microscopic techniques. As an example, optical

spectroscopic techniques coupled to microscopes can be used to perform

hyperspectral imaging, easily reaching a resolution down to few tens of microns.

Some of the previously described techniques, such as TEM and photoemission

spectroscopy, require to be carried out in vacuum; this environment may introduce

artefacts due to the complete desolvation of the electrode coating. Luckily, some

modern experimental setups, such as environmental SEM, allow the characterisa-

tion of samples at relatively high pressure values.

17.9 Conclusions and Perspectives

As pointed out in the Introduction section, the number of literature reports dealing

with nanostructures in amperometric sensing is increasing rapidly. In many cases,

the nanosized materials involved and techniques proposed for their deposition onto

electrode surfaces are actually variants of already known systems. On the contrary,

some of the more innovative experimental approaches are so complex to be realised

or require so much expensive instrumentation that they are very rarely adopted.

Moreover, novel systems, such as multimetallic nano-objects and some

multicomponent composite materials, are still poorly investigated. In addition,

some nano-objects developed in the frame of different contexts, e.g. organic elec-

tronics and catalysis, could be exploited in amperometric sensors.

Some of the most popular nano-objects, e.g. Au NPs encapsulated by thiol

molecules or citrate ions, can be synthesised in the laboratory, even in large

quantity. Actually, the possibility to employ commercial products is often one of

the most important factors in conditioning the popularity of some nano-objects; as

an example, it is undoubted that the number of applications involving CNTs are

significantly higher with respect to those involving non-commercial carbon

nanostructures. Difficult or even impossible access on the market constitutes an

even worse obstacle when nano-objects suitably functionalised with organic moi-

eties are required: custom syntheses are usually time-consuming and not trivial at

all. Fortunately, the number of different commercial precursors for the preparation

of the nano-objects and for their grafting is continuously increasing.

Computational analyses of the responses are also very challenging and rare in

the case of amperometric sensing on modified electrodes, due to the complexity of

most of the systems. The superior performances of new computers will possibly

allow unprecedented simulations; in the case of composites based on nano-sized

materials, studies of the diffusion to micro- and nano-electrode systems may be

exploited.140 Similarly, calculations regarding the reaction mechanisms based on
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Density Functional Theory (DFT) have been exploited to give a rational to the

performance of different electrocatalysts.141

As to characterisation techniques, recent advances in electronics and software

lead to a continuous increase of both spatial and time resolution. Some experimen-

tal setups that were impossible to realise few years ago are now well possible and

even diffused. Nevertheless, the correlation between the performance of sensing

systems and the nature of the electrode coating is often poorly investigated; in

particular, systematic investigations on key aspects of the nanomaterials, such as

the influence of the size and shape on electrochemical properties, are lacking.

Furthermore, precise reaction mechanisms of the different analytes are almost

always unknown. It is worth noticing that combinatorial approaches, which can

give a rationale to the structure–properties relationship, are very rare in ampero-

metric sensing.142

The combination of different analytical techniques will allow the development of

novel approaches to sensing. In particular, the coupling between optics and electro-

chemistry seems to be very promising. In this respect, only few examples of light

addressable electrodes and photoelectrochemical sensors have been reported.143, 144

Finally, increase of the sensitivity of the sensing system has been achieved by

irradiating the electrochemical cell with microwaves or ultrasounds.145–147

In conclusion, it is well evident from what discussed in this chapter that, despite

the enormous scientific activity concerning nano-sized materials, there is still wide

room to exploit at best their properties in electroanalysis.
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Chapter 18

Electrochemical Sensors: Practical

Approaches

Anchalee Samphao and Kurt Kalcher

18.1 Introduction

The design and manufacturing of sensors is an important issue for both fields,

sensor research and application.

For commercialization sensors need to be of constant, reproducible quality and

characteristics which is of particular interest for mass-produced one-shot sensors.

Apart from these requirements a sufficiently long shelf-lifetime is necessary in

order to guarantee the logistic supply with the devices.

Sensor research starts usually with laboratory-made or commercially available

simple electrodes which are tailored and modified according to the needs and

intentions.

An important aspect is the miniaturization of sensing devices, which can be

achieved by either a diminishing of the dimension of macrosensors, or by new

concepts of placing micro- and nanosized systems directly on semiconductors and

integrating them in the electronic circuits on chips, such as SoC (system on a chip,

lab on a chip) and μTAS (micro total analytical system) approaches. In such cases,

combination with microsystems and micromachines, also known as MEMS or

MOEMS (micro-electro-mechanical systems, micro-optoelectro-mechanical sys-

tems), allows the realization of mechanical tasks in more complex analytical

approaches, such as pumping, and valve-splitting, in a single microsized chip.1–3

Thus, also theoretical considerations concerning micro- and ultramicro-electrodes

gain increasing importance.4,5

In the chapter here a brief overview will be given on the basic transducers and on

preparation techniques to create electrochemical sensors. Due to the huge amount of

literature in this field, only characteristic examples and review articles will be cited.

A. Samphao

Chemistry Department, Ubon Ratchathani University, Ubon Ratchathani, Thailand

K. Kalcher (*)

Institute of Chemistry – Analytical Chemistry, Karl-Franzens University, Graz, Austria

e-mail: kurt.kalcher@uni-graz.at

© Springer Science+Business Media New York 2014

L.M. Moretto, K. Kalcher (eds.), Environmental Analysis by Electrochemical
Sensors and Biosensors, DOI 10.1007/978-1-4939-0676-5_18

529

mailto:kurt.kalcher@uni-graz.at


18.2 Sensor Preparation Technologies

18.2.1 Bulk Macroelectrodes

18.2.1.1 Disc Electrodes

The most common form of solid macrosized bulk working electrodes for electro-

chemical measurements is a circular disc shape embedded in a usually round

holder. Contact is made on the back of the electrode either simply mechanically

or by soldering. Older approaches with mercury contacts are getting out of fashion

due to a worldwide mercuriphobia. In fact any shape other than a circular disc is

possible, but care has to be taken that there is a good electric contact with the

electrode material and that the insulation is sufficient in order to avoid resistive and

parasitic effects.

Concentric symmetry of the working electrode and its housing is applied with

rotating disc (RDE) and rotating ring disc electrodes (RRDE) where an axial

rotation of the electrode sustains a convective transport of the solution to the

electrode surface.6–8 In order to reduce electric noise of the current due to wiper

contacts with brushes mercury can be still a good medium to establish electric

contact between the moving working electrode and the static measuring contact

point.

Most of the disc electrodes require polishing before their use (commonly with a

slurry of alumina with particle sizes of 0.2 and 0.05 μm in water) because due to

impurities and oxide formation at the surface the background current may be high

and noisy.

The shape of the electrode may vary significantly from the disc type if the sensor

is used as a detector in flow systems, e.g., ring or tubular-shaped metal sheets;

nevertheless the most common form is the wall-jet configuration (the effluent

stream hits the surface with a perpendicular angle) with a disc shaped detector.

Electrode materials for disc electrodes in electroanalysis are glassy carbon (GC),

gold, platinum, silver, and other metals, mainly noble metals; but also graphite,

semiconductors, or solid heterogeneous carbon composites can be used (see next

Sect. 18.2.1.3).

18.2.1.2 Film Electrodes

Film electrodes are usually prepared from a film precursor (solution, mono- or

oligomers, which is either cast or printed on the electrode support or deposited in

another way (chemical deposition by oxidation, reduction, electrochemical depo-

sition, electropolymerization, etc.). The corresponding methods will be discussed in

the following chapter.

Somehow uniformly in literature thick and thin film electrodes are distinguished:

The first comprises film thicknesses in the micrometer range, the second below.
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18.2.1.3 Paste Electrodes

Paste electrodes are heterogeneous electrodes where conductive particles are

embedded in a liquid binder which can be electroactive or not. The concept was

basically designed by Adams with carbon paste electrodes (CPEs)9–11 and has been

extremely successful due to the facility of direct modification under very mild

conditions.12–16 In fact, any conductive pastes may be used as the particulate

matter, a subject which is of high interest with research and production of capac-

itors, solar cells, and batteries, but only of little attention in electroanalysis. The

binder can be hydrophobic (paraffin oil, silicon oil, etc.) or hydrophilic

(electroactive, ionic liquid, etc.).11 Heterogeneous electrodes with solid binders

behave similar to CPEs, but are more robust against mechanic and other stresses;

the solids may be polymers (e.g., 17) or low-melting organic compounds (e.g.,

18,19). The formers may be created from monomers after inducing polymerization

(e.g., with UV-light), or from polymeric solutions by evaporation of the solvent.

Holders for carbon pastes can be very simple, such as pipette tips, glass, or

polymer tubes, but may be designed also as piston-driven devices facilitating the

extrusion of paste and generation of a new surface.11 In the latter case attention

must be paid to the heterogeneous composition of the electrode material because

particular a tapering shape may squeeze out more liquid at the beginning leading to

more dry pastes in subsequent measurements.

Pretreatment of the surface is simpler than with solid electrodes, consisting of

only wiping off excess paste and smoothing on a wet filter paper, Teflon, or glass

sheet to provide similar conditions of the surface (mainly similar roughness) for

comparable measurements.

18.2.1.4 Liquid Electrodes

Mercury is the classical electrode material for voltammetric measurements; it was

used by Heyrovsky already.20 Due to a globally increasing ban of mercury its use

has been reduced drastically in the past decades though its properties for electro-

chemical measurements in the negative potential range are unequaled in many

respects. In electrochemical analysis it is still present in the form of metal film

and metal solid amalgam electrodes (MeSAE with Ag, Cu, Bi, Cd; e.g., 21). Silver

amalgam is often applied in a renewable form with a silver contact moving through

a small Hg-reservoir,22–31 but it is also useful as a paste electrode with organic

binders.32

The classical electrode setup is the dropping mercury electrode (DME) with a

mercury container and a glass capillary through which the metal is running contin-

uously; a further improvement is the static mercury drop electrode (SMDE intro-

duced by Princeton Applied Research, PAR) where with the aid of a valve a drop is

set at the tip of the capillary and is mechanically dislodged with a small hammer

allowing a precise control of the drop time. A further development is the controlled
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growth mercury electrode (CGME by BioAnalyticalSystems Incorporated, BASi)

with a fast-response valve which controls incrementally the growth of a drop by

many very short opening-closing cycles. The dynamic approach of a dropping

electrode provides quasi-continuously a new electrode surface at practically all

times of the measurement combined with the disadvantage of a periodically chang-

ing surface area which produces oscillating currents.

Static assays of mercury electrodes include the pool electrode and the hanging

mercury drop electrode (HMDE developed by Kemula33). With the latter a mercury

drop is placed on the tip of a capillary by squeezing the metal out of the reservoir

with a micrometer screw-controlled piston.

18.2.2 Micro- and Nanosized Electrodes

Apart from the necessity to scaling down sensors for special applications, such as

small sample volumes, topical and surface scanning electroanalysis, in vivo mea-

surements (e.g., in the brain), the electrochemical behavior (particularly the mass

transfer characteristics) changes drastically when diminishing the surface area in a

way that the electrode diameter becomes significantly smaller than the diffusion

layer thickness. The consequences are an increase in the mass transport rate, a

decrease in the capacitance of the double layer along with a decrease of Ohmic

losses (product of current and solution resistance). Thus the presence of a counter

electrode and a supporting electrolyte is obsolete in many cases.34 Whereas with

macroelectrodes the faradaic current (diffusion current) vanishes to zero with

sufficiently long time according to the Cottrell equation, it drops to a constant

value only with microelectrodes which is proportional to the inverse of the elec-

trode radius (spherical correction). Typical dimensions of microelectrodes are in

the low micrometer range (1–10 μm); smaller dimensions are often classified as

ultramicroelectrodes35 though authors are not strict with dimensioning and

classification.

The shape of microelectrodes can be spherical, hemispherical, cylindrical, or

disc shape, but also microrings, lines, bands, and irregular shapes were fabricated.

Traditional approaches rely on potting or sealing the conductive electrode material

with an insulating shroud. Fibers with thin diameters can be sealed with glass or

polymers and cut afterwards. Other approaches employ more sophisticated tech-

niques, such as microlithography or similar. More details can be found in the

corresponding Chaps. 15 and 20.

Nanosized electrodes are even more difficult to prepare as single electrodes.

Nevertheless, ensembles of them are easier to realize when using templates onto

which the electrodes are deposited. Due to cross talk effects and high electrode

surfaces combined with regular assemblies and arrangements improved effects are

sometimes observed when compared to classical macrosized electrodes. The sub-

ject is discussed in Chap. 15.
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18.2.3 Casting and Coating Techniques

Many sensors are based on films and membranes, often a combination of more of

them to perform certain tasks. Thus, the generation of films or the attachment of

membranes on surfaces during the sensor preparation is often a crucial step.

Films and membranes can act as:

precursors or actual electrode materials;

protective layers with size exclusion effects;

charge or diffusion barrier;

immobilization and anchoring structures for modifiers;

catalysts;

preconcentrators of analytes;

modifiers of surface characteristics;

wetting aids;

adhesion layers;

insulation layers.

The number of layer should be kept to a minimum; each one can be the source of

irregularities during production, and each is a diffusion barrier for the analyte

decreasing mass transport, as a consequence, decreases the signal and increases

the response time.

In the following paragraphs a short overview will be given on the most conve-

nient techniques for creating films and membranes on supports will be discussed.

18.2.3.1 Drop-Coating

This simple procedure requires a micropipette with which a small volume (a few

microliters or less) is directly dropped on the support either once or repetitively to

obtain thicker membranes. The drop-coated surface is then dried at ambient con-

ditions or cured at elevated temperatures. Important for the quality and uniformity

of the cast layer is the surface roughness and its wettability with the membrane

solution which can be estimated via hydrophilicity-lipophilicity considerations or

contact angle measurements. Chromatographic and capillary migration effects can

be the reason for inhomogenities as well.

18.2.3.2 Dip-Coating

The surface where the membrane should be placed is submerged in the precursor

solution and pulled out from it with some constant and repeatable speed. Higher

velocity produces thicker films because more solution will remain at the surface.

Immediately after the removal from the solution the liquid layer is unequally thick,

a disadvantage which can be somehow overcome by careful drying or curing.
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Nevertheless, due to evaporation effects the thickness differs between brim and

centered areas of the covered surface. Dip-coating is frequently used to prepare thin

films (thickness in the nm range).

18.2.3.3 Spin-Coating

The support is rotated and at the rotational center the precursor solution (a few

microliters) is applied. Due to the centrifugal forces it is swept over the surface

creating a thin liquid film which is converted to solid by drying or curing.

18.2.3.4 Spray-Coating

With spray-coating the precursor solution is nebulized into small aerosol droplets

which are deposited on the support surface. The droplet formation is influenced by

the geometry of the spray chamber (capillary thickness, air jet velocity) and by the

viscosity of the solution.

18.2.3.5 Membrane Coverage

In most sensor designs receptors biocomponents, mediators, etc., should be

located directly at the sensing area (electrode surface). This is often done by

sorption or by integrating the components into a polymeric structure; sometimes

the consequence is a decreased activity of the reactive principle or insufficient

immobilization leading to a poor or varying performance of the sensor. In

simple cases immobilization can be simply achieved by putting a size-exclusion

membrane (dialysis membrane) over the electrode and thus forcing larger mole-

cules (e.g., enzymes) to stay at the sensor surface. Nevertheless, it is necessary to

choose a proper cut-off molecular size of the membrane pores in order to allow

penetration of the analyte on one hand and to prevent depletion of the surface

compounds on the other. Coverage with dialysis membranes is usually applied

to biosensors.

18.2.4 Printing Techniques

18.2.4.1 Screen Printing

Screen printing is a very versatile technique which is employed for the production

of all forms of commercially available strip-type chemical sensors (e.g., glucose

test strips).
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A screen (a woven mesh or a thin metal foil) with a stencil reflecting the patterns

to be printed is put as a mask on the support; a filling blade (squeegee) moves the

precursor solution (“ink”) over the screen and fills the openings of the stencil, thus

printing on the support.15,36–48

Printing can be done with automatic or semi-automatic devices, but also man-

ually. It facilitates printing of working (Au, Ag, Pt, C), reference (Ag/AgCl) and

auxiliary electrodes, reactive and insulating layers as well as contacts and leads

with structuring down to 50 μm (Fig. 18.1). Thus, whole electrochemical cells can

be realized on one strip requiring only a few μL of test solution. Typical

nonconductive supports are sintered alumina or resins.

18.2.4.2 Inkjet Printing

An alternative to screen printing is inkjet printing where nanoliter amounts of an ink

are printed onto a support as a single spot. Microsized patterns can be realized by

combining spots (pixels). Inks can contain nanoparticles (usually with particle sizes

significantly less than 200 nm to avoid obstruction of the nozzle) or precursors;

layers can be printed repeatedly to obtain thicker films.49–51 Supports are ceramic

materials or heat-resistant polymers if thermal curing is required (e.g., Teflon®,

Kapton®). Apart from commercial mass products used for printing with personal

computers, industrial printers with heatable work-benches, camera-control of drop-

let formation, pixelwise movement control in combination with CAD-designed

printing shapes allow to correspond to the high technical requirements for sensor

and biosensor production (Fig. 18.2).

Fig. 18.1 Screen printing; (a) MPM semiautomatic printer; (b) screen printing of an electro-

chemical sensor: printing of the working (1), reference (2) and counter (3) electrodes
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18.2.4.3 Lithography

Lithography, originally performed with flat and smooth stone surfaces and nowadays

with polymer-covered plates, is a printing technique for inks where the surface of the

plate is structured into lipophilic and hydrophilic areas, from which the former ones

show adhesion tendencies towards a greasy inkwhich is then printed onto the support.

Photolithography. This is one of the most frequently used techniques for creating

micro- and nanostructured patterns on a base (e.g., a wafer or a resin plate covered

with a metal layer). A thin photosensitive layer (photoresist) is cast onto the support,

frequently by spin-coating, and is exposed to electromagnetic radiation after putting

a mask over it with the structure to be printed as light-permeable and impermeable

pattern.52,53 With “positive” photoresists (e.g., diazides) the photons cause degra-

dation to products which can be washed off by alkali hydroxides and giving access to

the underlying base. With “negative” ones (monomers, oligomers) the light induces

polymerization making the photoresist insoluble in the subsequent washing proce-

dure to remove the layer from the unexposed areas (Fig. 18.3). For the fabrication of

small-sized electrode arrays with photolithography see chapter 20, sect. 20.2.2.

Using short wavelengths (UV, X-rays) results in micro- and nanolithography

where structures down to 10 nm can be reproduced.54,55 A variant invented by

Chou, nanoimprint lithography (NIL) presses the master nanostructure against a

polymer surface which can be replicated by heating (thermoplastic NIL)56,57 or

by cold welding.58 In magnetolithography magnetic nanoparticles cover areas of

the support with magnetic fields (magnetic masks) in analogy to photoresists.

18.2.4.4 Soft Lithography

This technique developed by G.M. Whitesides employs elastomeric stamps, molds,

and conformable photomasks to produce repetitive micro- and nanostructures.54,55

Fig. 18.2 Technical inkjet printer Dimatix Materials Printer DMP-2800; (a) printer with control-

lable x/y pixeling, (b) cartridge
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Stamps and molds are usually prepared from a master with relief structure on its

surface by replica molding where the elastomer precursor is cast onto the master

and is peeled off after polymerization. As elastomer most notably polydimethyl-

siloxane (PDMS) is used. With micro-contact printing, a nonphotolithographic

technique, the stamp prints the replica information onto a support, often in the

form of self-assembling monolayers changing the surface characteristics to lipo-

philic on the contact spots (Fig. 18.4). The noncontacted area can be etched off or

plated by deposition in an ensuing step.54,59–63

18.2.5 Other Film Preparation Technologies

18.2.5.1 Electrodeposition

Electrodeposition is the precipitation of a product of electrochemical oxidation or

reduction on an electrically conductive surface.

photoresist

illumination

mask

washing

etching

stripping

base

positive negative

Fig. 18.3 Photolithography; in positive mode the illuminated areas are etched away and the

nonilluminated remain; in negative mode vice versa
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The classical form is the deposition of thin metal layers on support electrode

surfaces, called metal film electrodes (MFEs). The precursor is a solution of the

metal ion which is reduced to the element at the support, usually a glassy carbon

electrode. First electrodes of this type were mercury film electrodes, which can be

modeled as an ensemble of small droplets with high surface-to-volume ratio. Other

films can be represented as compact thin layer of metals. Compared to disc

electrodes metal film electrodes are highly attractive for many reasons: the amount

of deposited metal is very small which may be decisive for toxicity and cost

considerations; due to the creation of a film at the time of need, polishing of the

film surface is superfluous (but in fact not for the support); in situ (during the

measurement step) and ex situ (in a preceding separate step) are possible. One main

reason for the use of MFEs is the preconcentration of the analyte; currently there are

trends to substitute toxic mercury by other metals, such bismuth,64 antimony,65 or

even lead and others.66 Other purposes are exploitations of specific properties of the

metal as a sensor component, such as sorptive, catalytic, electric, or optic effects.

With heterogeneous electrodes, e.g., carbon pastes, extrinsic or intrinsic film

formation is possible depending if the precursor is located outside (in solution) or

inside the electrode bulk material (as a dispersion).11

Electrodeposition is also possible for electrically insulation films which may

have catalytic or other functions, e.g., deposition of Prussian Blue67 or MnO2-

films.68 In any case care must be taken that the resulting film corresponds to the

required properties with respect to stability, adhesion, and porosity depending on its

envisaged function.

curing
peeling off
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fabrication of replica microcontact printing
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PDMS

Au

PDMS
Au
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printing

SAMs
unprotected areas

etching
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Fig. 18.4 Soft Lithography: preparation of the replica (left) and microcontact printing (right)
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18.2.5.2 Electropolymerization

Electropolymerization is the electrochemically induced polymerization of mono-

mers on a conductive surface.69–77 This is achieved by usually cyclically polarizing

the electrode surface which is at the same time exposed to a solution of the

monomer. The electrochemical reaction is rather irreversible; the film formation

can be followed by the current response. The best known example is probably poly

(aniline), but also poly(pyrrole) or poly(thiophene) are popular (Fig. 18.5).

The outcome of electropolymerization is often an electrically conductive thin

layer the polymer which can be exploited for its functional groups (e.g.,

protonizable–deprotonizable), as a trap for biomacromolecules or as an anchoring

structure for other modifiers.

18.2.5.3 Sputter Deposition

With sputtering a noble gas (usually argon) under low pressure in a vacuum

chamber is ionized and the positive particles are accelerated towards the target.

Upon collision atom clusters of the target material are bombarded out from the

surface and deposited anywhere in the chamber, also on the surface of a substrate

which is intended to be covered with a thin layer (Fig. 18.6).

The deposition proceeds at low temperatures; typical target materials are gold,

platinum, or graphite. Even carbides can be deposited in a controlled way.78 Often

magnetic fields are superimposed in a magnetron to keep the released and ionizing

electrons close to the target surface.79 Sputtering ions from noble gases can be used

also for etching purposes (sputter etching) for removing surface layers of a sample

for cleaning reasons or for recording depth profiles if the ion-generating device is

designed in a gun-like fashion.
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Fig. 18.5 Poly(aniline) in different oxidation states, poly(pyrrole) and poly(thiophene)
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18.2.5.4 Chemical Vapor Deposition (CVD)

CVD is a process where the substrate (in electronic industry frequently a wafer) is

covered with a thin layer using the vapors of a compound as a precursor, which is

basically pyrolized and deposited. Pyrolization in the simplest case may occur

simply thermally by heating up the substrate (hot walls) at atmospheric pressure

(APCVD), low pressure (LPCVD), or ultrahigh vacuum (UHVCVD); in the latter

cases gas phase reactions inferring unwanted products are minimized. The deposi-

tion process may be assisted by a plasma, called plasma-enhanced (PECVD) or

microwave plasma assisted chemical vapor deposition (MPCVD).80 Here the

vapors are subdued to plasma discharge during the deposition, and the substrate

is placed at one discharge electrode. CVD is important for the synthesis of carbo-

naceous materials like carbon nanotubes,81–85 graphenes86 and boron-doped

diamond,87–91 but also for other compounds based on silicon92 or ceramics.93

A special form is the organometallic chemical vapor deposition with organometal-

lics as the precursor.

A related technique is the organic metal deposition (OMD) where the organo-

metallic compound is not applied as a vapor, but in another form directly on the

surface.94,95

Another variant, the atomic layer deposition (ALD), formerly called atomic

layer epitaxy, is a process similar to CVD, but the deposition is split into two

half-reactions by sequential use of usually two precursors. The first one is typically

an organometallic compound; after its application and subsequent purging the

second precursor, e.g., a plasma, is applied, and any by-products are purged off

again. ALD is applied to deposit oxide or nitride films, occasionally sulfides.96–98

The layers may be also electrochemically deposited (E-ALD), usually with

underpotential deposition to restrict reactions to a single layer at the surface and

alternating reduction–oxidation cycles. In case of cadmium sulfide a monoatomic

layer of cadmium is deposited from Cd2+; after solution exchange sulfide is

deposited as CdS by underpotential oxidation of the reduced Cd0. The cycles

can be repeated.
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Fig. 18.6 Schematics

of a sputtering device

with a magnetron
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18.2.6 Monolayers and Multistacked Monolayers

Monolayers are a single layer of molecules, in sensor designs usually placed on a

surface of a substrate. Monolayers differ from normal sorption layers by showing a

regular repetitive structure which results from two phenomenons: (1) specific

interaction between molecule and surface, and (2) specific interaction among the

sorbing molecules. Monolayer-forming molecules exhibit surfactant character with

some hydrophilic and lipophilic character. Thus, they often used as models for

biological membranes.99–101 All the thin film formation techniques discussed

briefly in the following section rely on self assembling and self-organization, either

by hydrophilic-hydrophobic or by electrostatic properties.

18.2.6.1 Self-Assembled Monolayers (SAMs)

Self-assembled monolayers form spontaneously when certain surfaces are exposed

to solutions containing SAM-precursors (Fig. 18.7a).102–104

The reason for the self-assembly is the sorption of a certain end on the surface,

usually some specific affinity of a molecule group to the surface material. The

off-standing rests of the molecules, e.g., some hydrocarbon chain, interact with

each other (van-der-Waals-interaction); additional stability of the overall structure

may be achieved by corresponding end-heads of the molecules away from the

substrate surface. The films are quite compact, but pin-hole imperfections may be

deteriorating the surface characteristics. Self-assembling behavior is quite fre-

quently employed for generating sensing surfaces.105–107

The best-known example for SAM formation and consequently the most

exploited system is the chemisorptions of thiols on gold,108–110 but also other

systems are possible, such as carboxylates on metal oxides or silicates on glass,

Fig. 18.7 Self-assembled monolayer (SAM, a) and Langmuir-Blodgett-layer (LBL) on a hydro-

philic and a hydrophobic surface (b)
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but even formation of more complex aggretates is possible.105–107,111,112 SAMs are

usually stable at room temperature, but multidentate adsorbates may improve their

stability.113,114

18.2.6.2 Langmuir-Blodgett Layers (LB Films)

Langmuir-Blodgett layers, going back to pioneering work of Irving Langmuir and

Katherine Burr Blodgett in the General Electric laboratories, are monolayers

formed by sorption of a surfactant layer established at a liquid–gas interface after

immersion or emersion (Fig. 18.7b).

Formation of the monolayer is usually done with a Langmuir-Blodgett trough.

With the aid of a moveable barrier a dense monomolecular layer of the surfactant on

the liquid phase is maintained and controlled with a thin Wilhelmy plate, the force

on which is proportional to the surface tensions. A dipping device provides the

application of the layer on the substrate. Depending on its quality (hydro- or

lipophilic) the nature of the surface is reversed after sorption. Multiple immersions

and emersions allow stacking of the layers.115–121

18.2.6.3 Layer-by-Layer (LbL) Deposition of Multistacked Thin Films

In the LbL technique the driving force for self-assembling and organization of

monolmolecular films is not specific sorption and/or amphiphilic hydrophilicity–

hydrophobicity diversities within molecules, but electrical charges. Thus, on a

negatively charged surface a monolayer of R+ or a bilayer of R+S� can be regularly

attached with charge attraction as the ordering force. The layer formation is

typically controlled by ellipsometry or with quartz crystal microbalances; typical

layer thicknesses are in the low nm-range. LbL-deposition is simple and inexpen-

sive allowing the deposition of a wide range of materials, such as biological

molecules, polyelectrolytes, metals and nanoparticles.122–132

18.2.7 Special Films and Techniques

18.2.7.1 Xerogels, Aerogels, and Sol–Gel Route

Sols and gels are usually prepared from precursors (often metal alkoxylates) by

controlled partial hydrolysis which initiates polymerization. Upon normal drying

the fluffy structure collapses forming a xerogel, which can be transferred into a

compact and dense form by curing at higher temperatures (Fig. 18.8).133–137 The

preparation parameters such as hydrolysis conditions, aging time etc. are crucial.

Application of sols or gels on surfaces is commonly done by film casting techniques
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like spin or dip coating. This process can be exploited for creating thin dense films

on surfaces.

When the solvent is carefully removed from the gel structure (e.g., by extraction

with alcohol under supercritical conditions) materials with interesting properties

are obtained, .i.e., aerogels.138–141 They are ultralight, made up to 99.98 % of air,

and extremely insulating against heat and cold. Aerogels can be of silica, metal

oxide, polymer, or carbon type, the latter being prepared by sintering gelled poly-

mers; they may be interesting electrode materials because they have an enormous

void volume and they are electrically conductive.

18.2.7.2 Hydrogels

Hydrogels are hydrophilic polymers containing entrapped water, but insoluble in

water by themselves.142–163 They are usually rich in oxygen or hydroxyl groups,

such as poly(vinyl alcohol), poly(ethylene glycol), poly (2-hydroxyethyl methac-

rylate), or derivatives of chitosan and are highly biocompatible. Of particular

interest are smart hydrogels where the swelling is dependent on a stimulus

(stimuli-responsive hydrogels); relevant stimuli can be temperature, pH value,

solvent composition, low molecular mass solutes etc.
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Fig. 18.8 Sol–gel route, aerogels, xerogels, and compact ceramics
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18.2.7.3 Enzyme Immobilization and Biosensors

With enzyme electrodes it is important to fix the biocomponent to the surface of the

electrode, because in this way the formed electrochemically active products and

intermediates can be detected best, immediately after their generation. Various

immobilization techniques are commonly in use.164

Membrane Coverage

After application of the enzyme a membrane (size exclusion dialysis membrane) is

put over the electrode surface and prevents the diffusion of the protein and/or other

components into the test solution. This way seems the simplest method for immo-

bilization of enzymes and has been frequently employed.165,166 Nevertheless, any

membrane at the surface hinders the mass transport of the analyte to some extent

resulting in decreased signals and longer response times.

Adsorption

Some enzymes may be sorbed on certain surfaces, such as carbon, gold, or ZnO.

The latter can be also present as nanostructured material (layer, nanoparticles)

attached to the electrode.167–177

Electrostatic Binding

Biopolymers usually contain a lot of protonizable–deprotonizable functional

groups, so that a net charge occurs if the pH of the ambient medium is below or

above the isoelectric point. Thus it is possible to attach proteins by means of

electrostatic binding, which can be also done layer-by-layer.178–183

Attachment to SAMs

If SAM-precursors are functionalized at their non-sorbing end enzymes may be

bound there for immobilization purposes.184,185

Entrapment

Macromolecules, such as polymers in solution (e.g., Nafion®, chitosan), gels, and

hydrogels, or electrogenerated polymers may be used to immobilize enzymes

where the three-dimensional structure acts as a kind of host for the protein;
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nevertheless, catalysts or mediators may be integrated as well.186–194 The mem-

brane can perform also other tasks like repulsion of interferents. Polymeric net-

works can be even created from monomers by inducing polymerization in the

solution containing the enzyme.195

Cross-linking

One very conventional method for the immobilization of enzymes (and other

proteins) is cross-linking. The principle is straight forward: Polymeric structures

are made more insoluble by cross-linking them with each other.196–199 To do so,

typical functional groups on the outside of the polymeric molecule are covalently

bound to a bi-functional linker, which possesses two reactive groups on each end.

The most frequently used cross-linking agent for proteins and enzymes is glutaral-

dehyde which reacts easily with amino-groups forming Schiff’s bases. In this way

the molecules are interconnected with each other forming an insoluble network. As

the concentration of enzymes is rather low cross-linking can be improved by adding

an inactive protein, usually bovine serum albumin (BSA; Fig. 18.9).

Covalent Attachment

Covalent attachment provides usually the most stable biocomponent immobiliza-

tion from all attachment procedures. A functional group of the biomolecule is

covalently attached to a functional group of the support, either directly or with

the aid of a bifunctional spacer; in case of enzymes the active center should not be

affected.200–209 Covalent attachment is possible not only for the biocomponent, but

also for cofactors and coenzymes or mediators. The support can be the

functionalized electrode surface itself, or nanostructured materials which will be

integrated in immobilization layers, or precipitated or electropolymerized layers on

the sensor surface.
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Fig. 18.9 Cross-linking of an enzyme without (left) and with (right) bovine serum albumin (BSA)

using glutar aldehyde and Schiff base-formation
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A special form is the covalent immobilization by “click chemistry” described

first by Sharpless.210 The concept relies on easily proceeding, rather spontaneous

chemical reactions between functional groups of smaller units to form bigger

structures under mild (ambient) conditions; it can be applied to the immobilization

of bioreceptors.211–222 Often the reactive azide group is introduced in one partner,

which undergoes reaction with a functional group of the target; e.g., formation of a

triazole ring with arinyl derivatives (azide-alkyne Huisgen cycloaddition,

Fig. 18.10).

Immobilization via Affinity Binding

Avidin (occurring in eggs) or streptavidin (produced by Streptomyces avidinii) are
usually tetrameric proteins, where each subunit has very high affinity to bind biotin

(vitamin B7). The formation constants lie between 1014 and 1016 which can be

classified as the strongest noncovalent bonds. Thus, biotinylated conjugates can be

easily bound to avidin-modified counter-partners and surfaces.128,223–244

18.2.7.4 Molecular Imprinting

With molecular imprinting a polymer is formed from monomers in the presence of a

template molecule for which the monomers may contain affinity groups. After poly-

merization the template is removed (e.g., by extraction), and the remaining cavities

present artificial receptors which show affinity to the template molecules either by

size and shape or by the presence of affinity groups (see Chap. 16, sect. 16.2.2.1).
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Fig. 18.10 Click chemistry with azide-modified enzyme and alkyne forming a stable triazole

conjugate
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The principle can be used for accumulating the target species, or to immobilize it

by self assembling. Often molecular imprints exhibit poor specificity towards the

target particularly if size and shape are the selective criterions.245–259

18.3 Electrochemical Cells

In the following paragraphs the basic setups for the measurements are described;

more details can be found in the various chapters dealing with specific measurement

arrangements, such as potentiometry (Chap. 9) or controlled potential techniques

(Chap. 10). Numerous books on electroanalytical chemistry may provide deeper

insight into the problematic; thus, citations here are arbitrary and incomplete.260–263

18.3.1 Electrodes

Electrodes in electrochemical measurements are classified according to their func-

tion or task in the electrochemical cell. The most important type is the working

electrode because it is the location where the most important process for the

measurement (recognition) takes place. Reference electrodes provide a well-

defined potential reference point in the solution, whereas counter and auxiliary

electrodes serve to establish a closed circuit or to take over other tasks of the

measurement.

18.3.1.1 Working Electrodes (WE)

All sensors used for electroanalytical purposes are working electrodes.

For potentiometric measurements the working electrodes consist of electrodes of

first and second order (redox couple) or of membranes containing insoluble salts,

ionophores, or complexes (see Chap. 9). In the classical arrangement the

ion-sensitive membrane (glass, solid, or liquid) is placed between the sample

solution and the inner reference electrode which is in many cases a second order

electrode in order to avoid polarization effects. The membrane can also be placed

directly on solid supports like in coated wire electrodes, or may be formed by the

binder of carbon paste electrodes. The potential of the working electrode (potential

of the redox couple or membrane potential) follows more or less the Nernst

equation and is measured against the well-defined potential of a reference electrode

as a potential difference (voltage). The measuring device (voltmeter) for potentio-

metric measurements should have a high input impedance to avoid significant

current flows which would deteriorate or even impair the measurements. High

input impedance can be easily achieved with corresponding operational amplifiers
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configured as voltage followers which are installed in series with the measurement

circuit before the voltmeter.

Whereas potentiometry uses an experimental approach with a minimum current

flow, the voltametric setup involves a galvanostat and measures potential differ-

ences with a predefined constant current. In this case electrochemical processes at

the electrode surface provide the generation of electric charge; thus the working

electrodes are basically the same as the ones for voltammetric and amperometric

measurements (see below). Depletion of an electroactive species causes the

galvanostat to increase the potential to keep up a constant current flow.

In voltammetric and amperometric setups the working electrode represents an

interface with (usually) a solution, where the analyte (or some follow-up products)

is electrochemically converted (oxidized or reduced) producing a current flow. In

the simples case another electrode exposed to the solution guarantees a closed

electric circuit. Such types of electrodes are designated as counter electrodes.

Voltammetric and amperometric methods are controlled potential techniques,

where the potential applied at the working electrode defines the essential electro-

chemical reaction occurring there. Therefore, a precise control of the potential at

the working electrode is necessary in order to monitor electrochemical reactions

under well-defined conditions.

In context with voltammetry and amperometry, the term polarization must be

mentioned. Polarization is the effect that, unlike with Ohm’s law, application or

change of a potential does not change the current flow. In solutions with the absence

of electroactive species the potential regime where polarization occurs is the

potential window where amperometric measurements are possible. On the cathodic

side the window is limited by the reduction of the cation of the supporting

electrolyte or by hydrogen evolution (aqueous media), on the anodic side by the

oxidation of the electrode material, of the anion of the supporting electrolyte or by

oxygen evolution. Working electrodes are polarizable electrodes, and electrochem-

ically active species, which produce a current flow, are often called depolarizers.

Most electrochemical measurements involve one working electrode with excep-

tion of biamperometry, where two working electrodes are employed (Fig. 18.11). In

this experimental setup a potential high enough to provoke the oxidation and

reduction of both partners of a redox couple is applied and a current can be

red

ox

red

ox

i
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Fig. 18.11 Principle of

biamperometry. A current

can be monitored if both

partners of a redox couple,

ox and red, are present

in the solution
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monitored, because the extents of oxidation and reduction of a partner of the couple

at the anode and the cathode are equal. If one of the partners is completely removed

from the solution by a chemical reaction, the current drops to zero. This is the

principle of the classical dead-stop titration.

18.3.1.2 Counter Electrodes (CE)

A closed electric circuit is an essential prerequisite to measure an electric entity. In

the simplest case an inert counter electrode, e.g., noble metals or graphite, beside

the working electrode performs this task resulting in a two-electrode assay

(Fig. 18.12). This basic setup was also used by Heyrovsky in the early times of

polarography. The main problem in this arrangement is polarization of the counter

electrode in case that potential control is important. The effective potential at the

working electrode, Eeff
WE, which defined the electrochemical reaction, is the

external potential, Eappl diminished by the potential drop due to the current flow

(i—current, Rs—resistivity of the solution) and by the polarization potential of the

counter electrode, Eeff
CE (Eq. 18.1).

Eeff
WE ¼ Eappl � Eeff

CE � iRs ð18:1Þ

As the polarization potential of the counter electrode and the ohmic drop are in

principle unknown (the latter which is proportional to the current flow can be

estimated and compensated) the effective potential at the working electrode may

differ significantly from the applied potential, thus deteriorating or even impairing

potential control. This problem can be circumvented by using a reference electrode

and a three-electrode setup.

Fig. 18.12 Two-electrode

arrangement with external

potential control using

a working and a counter

electrode
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18.3.1.3 Reference Electrodes (RE)

These electrodes are electrochemical half cells providing a constant potential; they

are basically nonpolarizable, which means that their potential is independent from a

current flow through the cell, or at least they follow Ohm’s law. They contain a

redox couple where both partners are present in well-defined concentrations

(in fact, activities). Basically it is possible to realize a normal hydrogen electrode

(NHE) as a potential reference with 0.000 V (per definition) but the practical efforts

are enormous (proton activity 1.000 mol/L, hydrogen gas pressure 1.000 atm using

a specially activated platinum electrode); additionally the potential is not very

robust because small current flows or temperature changes may cause significant

deviations already.

Thus, usually more robust systems are practically employed, such as the

Ag/AgCl and the saturated calomel electrode (SCE). They contain redox couples

consisting of the metal (Ag0 or Hg0, activity¼ 1) and its monovalent cation (Ag+

and Hg2
2+, resp.) in a well-defined and practically easily reproducible concentra-

tion. The latter is achieved by the presence of an anion (commonly chloride from

potassium chloride) which forms a sparingly soluble salt with the cation, whose free

concentration in solution is determined by the solubility product. Potassium chlo-

ride is present in high concentration because it also acts as a supporting electrolyte

in the reference electrode. As it is a half cell only, it must have contact with the

measurement solution in order to provide a closed circuit with the working elec-

trode. Contact between the reference electrode filling (defined concentration of

potassium chloride saturated with the sparingly soluble salt) and the measurement

solution is made via a diaphragm, capillary, grind joint, or gel in order to avoid

mixing; such an interface can be the cause of the appearance of junction potentials

(Fig. 18.13). Occasionally open reference electrodes are in use, but in this case it

must be guaranteed that the concentration of the counter ion of the slightly soluble

(chloride) is present at a constant concentration in the sample solution in order to

avoid potential shifts. The most common reference electrode is the silver/silver

chloride electrode due to an increasing ban of mercury from the lab and to the ease

Fig. 18.13 Sketch of

an Ag/AgCl reference

electrode with saturated

KCl electrolyte
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of preparation: simply, a silver wire is electrolyzed in hydrochloric acid for a short

time which provides a porous coverage of the metal with AgCl; afterwards the wire

is immersed in the potassium chloride solution.

The potentials of silver–silver chloride reference electrodes are summarized in

Table 18.1.

According to Bard et al.264 the standard potential of Ag/AgCl electrodes (with an

activity of chloride of 1 mol/kg) can be approximated by Eq. (18.2).

E0 Vð Þ ¼ 0:23695� 4:8564� 10�4 � t� 3:4205� 10�6 � t2 � 5:869

� 10�9 � t3 for 0 < t < 95�C ð18:2Þ

In potentiometric measurements the reference electrode is combined with the

working electrode as second half cell.

If the counter electrode is replaced by a reference electrode in the two-electrode

setup for amperometric measurements, polarization of the RE is avoided

(Fig. 18.14). Thus, the applied potential becomes better controllable.

Still apart from small junction potentials and ohmic shifts of the reference

electrode potential under current flow the iR-drop diminishes the applied potential

at the working electrode in dependence on the current (Eq. 18.3). Eappl is shifted by

the (constant) potential of the reference electrode, ERE.

Eeff
WE ¼ Eappl � ERE � iRs ð18:3Þ

Potential drops can be estimated and ruled out; many instruments offer such

possibilities. Nevertheless, it sometimes requires some efforts, and wrong handling

may cause peak distortions or oscillations.

Quasi-reference electrodes are frequently used for measurements in nonaqueous

media; also here a redox couple is present in solution, but the electrolyte has to be

somehow lipophilic to be soluble in sufficiently high concentration (e.g.,

Table 18.1 Potentials of silver–silver chloride reference electrodes in mV

Temp (�C)
c(KCl)

1 mol/kg 1 mol/L 3 mol/L sat

0 236.6 249.3 224.2 220.5

5 234.1 246.9 220.9 216.1

10 231.4 244.4 217.4 211.5

15 228.6 241.8 214.0 206.8

20 225.6 239.6 210.5 201.9

25 222.3 236.3 207.0 197.0

30 219.0 233.4 203.4 191.9

35 215.7 230.4 199.0 186.7

40 212.1 227.3 196.1 181.4

45 208.4 224.1 192.3 176.1

50 204.5 220.8 188.4 170.7
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tetrabutylammonium salts rather than potassium chloride). The exact potential

should be determined by measuring a standard compound (e.g., ferrocene).

Pseudo reference electrodes are in fact counter electrodes made of an inert

electrode material (platinum, graphite) and usually employed for nonaqueous

measurements. The main problem is its polarization (see counter electrode); there-

fore a standard compound (e.g., ferrocene) must be measured either under identical

conditions or better even in the sample solution to find the effective potential

applied to the working electrode.

18.3.1.4 Auxiliary Electrodes (AE)

They are used as additional electrode together with a working and reference

electrode in three-electrode setups (Fig. 18.15). Their task is to provide the current

flow from the working electrode, whereas the reference electrode still establishes

the potential which is determining the electrochemical reaction occurring at the

working electrode. As the current between reference and working electrode

becomes negligible small, the potential is well controllable (Eq. 18.4).

Eeff
WE ¼ Eappl � ERE ð18:4Þ

The auxiliary electrode should have a high surface compared to the working

electrode to avoid complications with the corresponding electrochemical counter

reactions occurring at it. Typically, they are from platinum or graphite.

For measurements with microelectrodes the reference electrode can be omitted

due to very small polarization effects only.

Fig. 18.14 Two-electrode

setup for potential control

using a working and a

reference electrode
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18.4 Practical Assays

Electrochemical measurements with solutions may be basically classified in sta-

tionary and hydrodynamic approaches, depending on the relative movement of

electrode surface and test solution towards each other.

Hydrostatic measurements are usually batch measurements with stationary elec-

trodes where neither the solution nor the electrode surface are moved against each

other during by stirring, flowing, or rotating. The volumes may range from milli-

liters via microliters (popular technique with sensors using drop-sized samples such

as blood or other biological fluids) even to nanoliters in chip assays.

Hydrodynamic techniques include measurements with stirred solutions or elec-

trodes (rotated electrode and rotated ring-disc electrode) and measurements in

flowing streams of a carrier.

Rotated electrodes are used for studies of the character of electrode reactions and

their kinetics and for the estimation of electroanalytical parameters. Convection

provides a constant mass transport of the analyte to the electrode surface with

changed diffusion characteristics compared to quiescent liquids. The effect is

similar to a stirring of the solution, but the rotation of an electrode can be controlled

much more precisely than of a solution. Rotating ring-disc electrodes are practically

used only for elucidating electrochemical reaction mechanisms where oxidation or

reduction on the disc creates (collection experiment) or consumes (shielding exper-

iment) electroactive substances which are monitored with the ring electrode.

Most hydrodynamic measurements are performed with electrodes which are use

as detectors in flow systems. Different geometric arrangements are possible: thin

layer cells with parallel flow or with wall jet configuration, tubular or needle

electrodes in contact with the effluent, or even highly porous electrodes (reticulated

vitreous carbon) where the carrier passes through the electrode itself.

Fig. 18.15 Three-electrode

setup for potential-

controlled techniques
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Flowing carriers may arise from dynamic separation systems, such as

chromatography of capillary electrophoresis, but they may be also used to speed up

batch analysis and to improve its performance and sample throughput rate. They are

often referred to as injection analysis because the sample and optionally also other

reactants are injected into a flowing stream of carrier which finally passes the detector.

Flow injection analysis (FIA) was conceptually designed by Ruzicka and

Hansen in 1974265–267 based on the ideas of continuous flow analysis (CFA)

which had been introduced by Skeggs in 1957.268 In the latter technique plugs of

samples are separated with air bubbles in capillaries in order to avoid cross-over

reactions and contaminations. FIA uses a continuous flow of a carrier, and a sample

plug is injected into the stream where eventually dispersion occurs. In the simplest

assay the sample plug is transported over the detector. Reagents which are added to

the carrier or in a separate stream as well as reactors containing enzymes provide a

wide spectrum for practical applications. So far (2013) over 22,000 scientific

articles have been published dealing with FIA.

A more sophisticated and versatile variety of FIA is sequential injection analysis

(SIA) developed by Ruzicka andMarshall in 1990.269,270 Here plugs of samples and

reagents are injected into a carrier stream and can be moved forward or reverse,

mixed etc. The core is a multiposition valve which distributes and directs the various

fluid plugs in combination with a pump; the final reaction cocktail is transported to

the detector. The valve may even control the determination of a whole set of

analytical parameters which is realized in the so-called valve-on-lab (VOL).271

A hybride form between hydrodynamic measurement and batch analysis is

batch-injection-analysis (BIA) developed by Wang.272 In this case the detector is

placed in a big volume of basic solution, and the sample is injected onto it

producing a transient signal which returns back to the baseline after dilution. The

advantage is a simplification over FIA by eliminating the carrier flow, but repro-

ducibility may be poor when injecting manually.

18.5 Future Aspects

Electrochemical sensors are intrinsically dependent on electrochemical conversions

and/or electrical properties of the analyte. In this respect it seems almost self-

evident that within the past few years new materials and integration of nanosized

materials in the receptor layer of the sensor have gained enormous, almost expo-

nentially increasing attention. Nanosized materials facilitate electrochemical sens-

ing in two ways: due to the enormous surface-to-volume ratio new material

properties with respect to either increased signals or catalytic effects improve the

analytical situations substantially. Another aspect is miniaturization: in contrast to

optical devices a miniaturization and multiplication of sensors to form arrays does

not infer particular problems, particularly because the technology may be directly

taken from electronic industry where the production of extremely miniaturized

printed circuit boards is routine technique already. Miniaturization stimulates also
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further developments of micro- and, particularly, nanosized electrodes which will

unfold their full performance in combination with micromechanic systems (MEMS

technology), such as pumps and valves; as an example it will be possible in the

future to combine implanted microsized sensors (e.g., glucose) with actuators to

launch the release of a therapeutic agent (e.g., insulin) from implanted reservoirs,

with control and surveillance systems, also implanted, supplied by biofuel cells

using as energy source blood glucose.

Interesting new materials, such as grapheme, have found quite a few applications

already with electrochemical sensors, a trend which is likely to continue in an

increased rate in the next few years. Thus, new materials and new physical and

physicochemical techniques will also stimulate the emergence of new coating,

modification, and detecting methods.

With respect to analytes it can be stated that electrochemical sensors hardly will

be designed for elemental analysis as batch laboratory techniques; here, electro-

magnetic and mass spectrometric methods offer so many advantages over electro-

analysis that their performance is hardly reached by the latter one. Nevertheless,

sensors which can be applied in the field may be advantageous in this respect

because they may help in an early stage of the entire sampling and analytical

protocol to decide, if it is necessary to analyze a sample in more details in the

laboratory or not.

However, the main application of electrochemical will be in molecular analysis,

and particularly in highly specific and sensitive applications. This is reflected by the

current situation of electrochemical sensor research already: most applications are

dealing with biosensors, because bio-mimetic receptors can detect their targets with

high specificity at low occurrence levels.
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Chapter 19

Gas Sensors

Ulrich Guth, Winfried Vonau, and Wolfram Oelßner

19.1 General Considerations

Gas analysis in the environment is a broad field and includes emission and

immission evaluation and control. Furthermore, the determination of gases

dissolved in water, such as oxygen and carbon dioxide, is a main task for environ-

mental gas analysis. Depending on the matrix to be analysed, the gas concentration

and the volume of gases which can be used for sampling and analysis have to be

selected. In the environment the direct measurement in air or in water is preferred

because sampling and transport of the gaseous analyte to the lab include a lot of

possible sources of mistakes. For example, changes in temperature of the sampled

gas must be avoided because water vapour can condense and gases can be dissolved

in the water films. Additionally, the solubility of gases in water depends on the

temperature. These mistakes caused by sampling cannot be compensated by the

best analytical method. The majority of gas analyses are performed in special labs

mostly by gas chromatography. For these analyses special knowledge is required.

Depending on the amount of gas which is available for sampling either containers

are used in flowing gas or small amounts of gas samples are taken by the so-called

gas mouse. Electrochemical gas sensors offer an alternative concept especially due

to the opportunity to measure directly in the matrix to be analysed, e.g. in field

applications.
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19.2 Principles of Electrochemical Gas Sensors

Therefore, electrochemical gas sensors are widely spread in many fields of

environmental monitoring, for the investigation of metabolisms and the control of

biological processes. They are well established to gain real-time information for

process control by in situ measurements of the chemical composition without

sampling. Electrochemical sensors are small and inexpensive and do not require a

sophisticated knowledge in their application.1

Every electrochemical reaction, e.g. the reduction of oxygen, is connected with

the flow of an ionic charge carrier and a turnover of mass. Electrochemical

reactions can occur spontaneously only to a very small extent (10�12 mol). After

the establishment of the electrochemical equilibrium an equilibrium voltage or the

electromotive force (emf) can be measured. On the other hand, the reaction can be

pushed by means of an external polarisation voltage. In that case a current is

flowing due to the reaction turnover.

Depending on the used electrolyte and the working temperature, electrochemical

gas sensors can be applied in real matrices at temperatures from �30 �C up to

1,600 �C. The so-called conventional electrochemical gas sensors, which work with

aqueous or liquid electrolytes, are usually applied up to about 50 �C, whereas solid
electrolyte-based sensors operate in the temperature range >500 �C. Both types of

sensors work according to electrochemical measuring principles, like

potentiometry, amperometry or impedimetry. Due to the cheap equipment also

dynamic methods like cyclovoltammetry, linear sweep voltammetry and their

differential modes are suited for field application. Sensitivity, selectivity and

stability (reliability and durability) of sensors are mainly influenced by the mea-

suring conditions with respect to temperature, pressure and chemical environment.

In the low-temperature range, electrochemical gas sensors are used to measure O2,

NO and CO in the gas phase as well as dissolved in water. NH3 and CO2 in gaseous

as well as in aqueous matrices can be determined indirectly via pH changes of an

inner electrolyte. For measurements of oxygen and combustibles like hydrogen, CO

and hydrocarbons at high temperatures in exhausts (emission control) solid elec-

trolyte sensors are commonly utilised. Sensors for the determination of free oxygen

and equilibrium oxygen in reducing gases are also commercially available. The

main advantage of high-temperature sensors is the very short response time in the

ms range. Generally it is possible to measure most gases by normal temperature

sensors as well as with high-temperature sensors. In Fig. 19.1 a general overview on

the different electrochemical gas sensors und their operation mode is given. The

preferably used gas sensor principles are marked in red.
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19.3 High-Temperature Gas Sensors

Electrochemical cells with solid electrolytes are widely used as gas sensors for

emission monitoring in exhausts and fermentation plants. As a solid electrolyte

gas-tight sintered ceramics in form of tubes, discs, planar substrates or thick films

consisting of stabilised zirconia (e.g. YSZ means the most common solid electro-

lyte yttria-stabilised zirconia) are utilised. With increasing temperature the

electrolytical conductivity increases exponentially.

Potentiometric sensors (Fig. 19.2, left) are able to measure free oxygen and

oxygen in an established thermodynamically equilibrium, e.g. the ratio of partial

pressures of burnt and non-burnt components.2,3 They are oxygen concentration

cells which can be symbolised by

O2 φ
0
o2

� �
, Pt ZrO2ð Þ0:84 Y2O3ð Þ0:08 Pt;O2j�� φ

00
o2

� �
1=2O2 gð Þ þ 2e� Ptð ÞÆO2� YSZð Þ

Oxygen cannot penetrate the gas-tight ceramic. Under electrochemical equilib-

rium it takes up two electrons from the metal (platinum) and is incorporated in the

solid electrolyte as an oxide ion O2� (cathodic reaction, arrow in the right direc-

tion). In the opposite direction oxide ions are removed from the solid electrolytes,

electrons remain in the platinum and oxygen is formed (anodic reaction, left

direction). The cell reaction is the electrochemical transfer of oxygen from the

side of higher partial pressure to the other with lower one. According to the Nernst’s

equation the open-circuit voltage depends logarithmically on the gas partial pres-

sure pO2
on both sides:

O2 φ
0
o2

� �
, Pt ZrO2ð Þ0:84 Y2O3ð Þ0:08 Pt;O2j�� φ

00
o2

� �

Fig. 19.1 Overview on the principles of electrochemical gas sensors
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E ¼ �Ueq ¼ RT

4F
ln
p

00
O2

p
0
O2

If the total pressure on both sides is equal and nearly 1 bar the partial pressure

can be expressed by the volume concentration φO2

E ¼ �Ueq ¼ RT

4F
ln
φ

00
O2

φ
0
O2

with R¼ 8.314 V A s/(mol K) and F¼ 96,485 A s/mol, on one side air with 50 %

r. h. the following results (quantity equation is used):

φ O2ð Þ=vol% ¼ exp 3:025� Ueq=mV

0:0215T=K

� 

In amperometric sensors (Fig. 19.2 right)1,4 one electrode is covered by a

diffusion-limiting layer (also a chamber with small holes can be used) so that the

transport of oxygen to the electrode is the rate-limiting step. This is schematically

shown in Fig. 19.3. When the electrode is polarised by an external voltage, the

current increases as long as enough electrochemically active species are present.

In the plateau phase the electrochemical turnover only depends on the transport

rate (diffusion rate) of active species. In case of an oxygen electrode all oxygen that

reaches the electrode is reduced electrochemically. The rate-limiting current is

proportional to the gas concentration. Therefore these sensors exhibit a linear

sensor function and can be calibrated with air.

With the area A and the length L of the hole and the diffusion coefficient of

oxygen DO2
the current measured is proportional to the oxygen partial pressure:

Ilim ¼ � 4FDO2
A

RTL
pO2

Thermodynamically controlled
potentiometric cells

Kinetically controlled
potentiometric cells

Diffusion controlled
amperometric cells

measuring
gas

reference
gas

Pt-reference
electrode

Pt-reference
electrode

Pt-counter
electrode

Pt-measuring
electrode

Au-measuring
electrode

working
electrode
(Pt, Au, Oxides)

400 to
800 °C

Umix

air measuring
gas

500 to
1600 °C

Eeq

measuring
gas

measuring
gas

500 to
900 °C

UpA

HC; NOx
O2,
NOx

 HC,O2; H2; H2O;
CO; HC

YSZ YSZ YSZ

Fig. 19.2 Basic principles of gas sensors based on solid electrolytes2
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For the measurement of gas components like hydrocarbons (HC) or nitric oxides

(NOx) in non-equilibrated gas phases kinetically determined sensors are used

(Fig. 19.2 middle).5,6 Depending on the electrode material, the gas components

do not equilibrate on the measuring electrode at temperatures <700 �C. Thus gas
components which are not thermodynamically stable are electrochemically active.

In an HC- and O2-containing gas, for example, at least two electrode reactions can

take place: the electrochemical reduction of oxygen and the electrochemical oxi-

dation of hydrocarbons. The measured open-circuit voltage does not obey the

Nernst equation. Therefore such electrode behaviour is often referred to

non-Nernstian electrodes (or mixed potential sensors). The cell voltage depends

logarithmically on the concentrations of the hydrocarbons:

Umix ¼ UO � A � ln φHCð Þ

The mixed potential of such solid electrolyte electrodes is, in contrary to that of

electrodes in aqueous solution, very stable and reproducible.

Sensors based on solid electrolytes are also known for CO2.
7 The general setup

of a thick film sensor is given in Fig. 19.4. As a solid electrolyte sodium ion

conductors like ß-alumina or Nasicon together with sodium carbonate are used.

The electrochemical reactions take place at temperatures between 350 and 550 �C.
The electrode reactions of the measuring and reference electrode are

Na2CO3 Æ 2Naþ þ 1=2O2 gð Þ þ CO2 gð Þ þ 2e� Auð Þ measuring electrode

Fig. 19.3 Behaviour of a polarised electrode
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2SiO2 sð Þ þ 2Naþ þ ½O2 gð Þ þ 2e� Auð ÞÆNa2Si2O5 sð Þ reference electrode

In the cell reaction sodium silicate and CO2 react to sodium carbonate and silica:

Na2CO3 sð Þ þ 2SiO2 sð ÞÆNa2Si2O5 sð Þ þ CO2 gð Þ

If the solid components are pure the cell emf depends only on the CO2 partial

pressure:

E ¼ Constþ RT

2F
lnpCO2

Such sensors show long-term stability without cross sensitivity vs. water vapour.

Organic compounds are oxidised by oxygen on the surface of hot electrodes.

19.4 Normal-Temperature Gas Sensors

19.4.1 Amperometric Gas Sensors

Amperometric gas sensors are the second most important group of electrochemical

gas sensors. The development of these sensors can be traced back to the introduc-

tion of the Clark-electrode in the mid-1950s, which is well known for the determi-

nation of dissolved oxygen. Amperometric gas sensors consist of a working

electrode mostly covered by a membrane, a counter and a reference electrode

which are in connection with a liquid electrolyte solution. These sensors have

been designed in different forms and are significant also in commercial terms.

The schematic setup is shown in Fig. 19.5.8

The electrolyte phase has to carry the cell current by enabling the transport of

charge carriers in the form of ions and often it has to provide co-reactants (usually

water, protons or hydroxide ions) to the electrode as well as to allow the removal of

ionic products from the reaction site. That is the main reason for aging and limiting

life time. Counter and reference electrodes may be combined into a single electrode

reference system

solid electrolyte
(Nasicon,b-Alumina)

Na2CO3

Au Au

alumina substrate

heater

Fig. 19.4 Schematic cross section of a solid-state CO2 sensor
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for non-critical applications. For gas sensors the most important challenge consists

in the development of a working electrode which is accessible for the sample gas

while still being in contact with the usually liquid internal electrolyte solution.

Either, the gas must be dissolved in the electrolyte solution before coming in

contact with the electrode, or the so-called triple points are required where the

gas, liquid and solid electrode phases meet. The electrochemical cell is separated

from the medium to be analysed by a gas-permeable membrane. This is pressed

against a flat electrode leaving only a thin layer of electrolyte solution between

electrode and membrane. The membrane has the important role of eliminating the

interference of redox-active substances other than the measured gas which might

be present in the sample and to avoid fouling of the working electrode. The

membrane also allows the internal use of a high concentration of an electrolyte in

the electrochemical cell without having to modify the sample itself, thus eliminat-

ing errors due to the i · R drop which would otherwise be present. Chloride ions in

the electrolyte solution are involved in the counter electrode mechanism and also

establish a constant reference potential. Modern Clark electrodes are equipped with

a porous poly(tetrafluoroethylene) (PTFE) membrane. Due to the hydrophobic

behaviour of the material the pores (typical diameter 10 μm) are not wetted but

allow the transport of dissolved gases. As the mass-transfer rate of the analyte is

slow, the faradaic current is controlled by diffusion rather than the kinetics of the

electrode reaction and this assures a linear dependence of the current on

the concentration of the dissolved oxygen (see Fig. 19.3). The layer of the electro-

lyte solution between membrane and electrode is kept thin in order not to compro-

mise sensitivity and response time.

The selectivity to a certain gas species can be ensured not only by the kind of

membrane but also by the polarisation voltage which is necessary to promote a

certain electrochemical reaction. The voltage which has to be applied between the

working and the reference electrode must be higher than the equilibrium emf.

Fig. 19.5 Cross section of the Clark cell
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In Table 19.1 electrode reactions in which gases are involved are listed.

The cell reaction consists of an oxidation of the gas which is to be measured and

the reduction of molecular oxygen. Such sensors can be applied at temperatures

from�20 to +50 �C, with a usual recommendation between 5 and 25 �C. According
to the special shape and the size of the electrodes these sensors have typically a

sensitivity of 0.1 μA/ppm� 0.02 μA/ppm. These sensors are available on the

market from several companies, e.g. City Technology, London, UK; EnviteC

Wismar, Germany; and IT Dr. Gambert, Wismar, Germany. Depending on the

gas, its concentration and the expected life time the response time is between

5 and 25 s and the lifetime in air <3 years. Generally, these sensors are not so

robust and the lifetime is limited, but they have a higher selectivity as the resistive

semiconductor sensors.

The determination of ozone can be carried out directly in an irreversible reaction

at +2.07 Vwhich leads to a poisoning of the electrode surface and a shortening of the

lifetime. The better way is to use an indirect reaction via a redox mediator. Ozone

reacts with the reduced mediator and the oxidised mediator in turn is reduced on the

working electrode (Fig. 19.6). The flowing current is proportional to the ozone

concentration. As mediators inorganic redox couples like Br�, OBr�; AsO3
3�,

AsO3
3�; and Fe2+, Fe3+ are used. Amperometric ozone sensors are broadly available

on the market as well for measuring in air as for monitoring of cleaning processes.

19.4.2 Fuel Cell Principle

In a more simple design the fuel cell principle without an external voltage is used to

measure oxygen (Fig. 19.7). The voltage is generated between the oxygen cathode

Table 19.1 Reactions of gas electrodes

Gas Cathodic reactions Anodic reactions

CO ½O2 + 2H
+ + 2e�!H2O CO+H2O!CO2 +H

+ + 2e�

NO O2 + 4H
+ + 4e�! 2H2O NO+H2O!NO2 + 2H

+ + 2e�

NO2 O2 + 4H
+ + 4e�! 2H2O NO2 +H2O!HNO3 +H

+ + e�

O3 O3 + 2H
+ + 2e�!O2 +H2O

Fig. 19.6 Working principle of an ozone sensor
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and an anode made of lead. According to the oxygen concentration the cathode may

be metallic or covered by a polymer membrane. At present such bare electrodes are

only rarely used; an exception is the determination of oxygen in sewage and in

beverages with electrodes which are regularly abraded mechanically for cleaning.

Oxygen is reduced in alkaline solution at a voltage of +0.401 V according to the

cathodic reaction

O2 þ 2H2Oþ 4e� ! 4OH� þ 0:401 V

As an anode reaction lead is oxidised:

4OH� þ 2Pb ! 2PbOþ 2H2Oþ 4e� � 0:58 V

For the overall cell reaction results,

O2 þ 2Pb ! 2PbO

Therefore the cell voltage is 0.981 V. The current which is proportional to the

oxygen partial pressure is measured by means of a 100Ω resistor.

19.4.3 Severinghaus Sensors (Electrodes)

Unlike other gases such as oxygen the determination of dissolved CO2 is more

difficult due to its chemical reactions with water. This is partly true for measuring

CO2 in ambient air which contains more or less water especially under condensing

conditions. CO2 cannot be reduced electrochemically in aqueous solution so that a

simple sensor setup like for the determination of oxygen is not possible. This is

important for interpreting analytical results as well as for understanding the mea-

surement principle applied, as for example in the Severinghaus electrode. The

concentration of CO2 is only reasonable with the knowledge of the pH of the

analysed medium.9

In Fig. 19.8 the interaction of CO2 and water is shown in terms of the pH

dependence of the equilibrium concentration of the formed components. At pH

Fig. 19.7 Oxygen sensor

(fuel cell principle)
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values below 4.3 nearly the total carbonate exists as free dissolved CO2 in the

solution. It should be mentioned that the values depend slightly on the temperature

and on the alkalinity and salinity of the solution. The same arguments apply to the

determination of ammonia (NH3).

Figure 19.9 shows schematically the so-called Severinghaus carbon dioxide

sensor (sometimes also called electrode) and illustrates its mode of operation.

Main constituents of the sensor are a thin polymer membrane, the hydrogen

carbonate containing electrolyte solution, a thin hydrophilic spacer sheet soaked

with the electrolyte solution and a pH sensor. CO2 permeates from the gaseous or

liquid specimen through the membrane into the electrolyte film in the spacer until

equilibrium between the CO2 partial pressure on both sides of the membrane has

been established. During measurement virtually no CO2 is consumed.

Fig. 19.8 pH dependence of the carbonate system

Fig. 19.9 Basic principle

of a Severinghaus sensor

(electrode)
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Whereas CO2 sensors for measurements in gases can simply be calibrated by

using commercially available test gases, the calibration of electrochemical CO2

sensors for measurements in liquids is not trivial. Contrary to standardised, long-

term stable buffer solutions with defined pH values, which are generally used in pH

measuring technique, solutions with defined CO2 content are not long-term stable

and therefore commercially not available. For this reason, calibration solutions with

defined CO2 concentration must be prepared immediately before starting the

calibration procedure.

Since the sensitivity of electrochemical CO2 sensors changes only slightly in the

course of time, it is sufficient to carry out regularly one-point calibrations in order to

correct the zero-point drift. Two-point calibrations are only necessary in longer

time intervals or after the sensor had been out of use for a longer period. If the

sensor is continuously in use, as a rule, one-point calibrations at least once per week

and two-point calibrations at least once per month are recommended. For two-point

calibrations two calibration solutions with different CO2 concentrations are needed.

19.4.4 Application

As discussed in the former paragraphs there are high- and low-temperature gas

sensors (Table 19.2). Which sensor for which application can be recommended is a

question of expected information, response time and lifetime. This depends on the

matrix to be analysed and on the temperature. For long-term applications at high as

well as low temperatures with a short response time high-temperature sensors based

on solid electrolytes are preferred. They can be used for the most part maintenance

free. On the other hand, the price of those sensors is mostly much higher than that of

normal-temperature sensors. Normal-temperature sensors need calibrations from

time to time.

Table 19.2 Application of electrochemical gas sensors according to the gas to be analysed

Kind of gas

Sensor principle (high

temperature)

Sensor principle (normal

temperature)

O2 Potentiometric, amperometric Amperometric fuel cell principle

O2, dissolved Amperometric Fuel cell principle

O3 Amperometric

CO, NO, NO2 Mixed potential (potentiometric) Amperometric

Combustibles HC, H2 Mixed potential (potentiometric)

CO2 Potentiometric Severinghaus

CO2 dissolved Severinghaus
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Part IV

Sensors with Advanced Concepts



Chapter 20

Sensor Arrays: Arrays of Micro-

and Nanoelectrodes

Michael Ongaro and Paolo Ugo

20.1 Introduction

It is long known that geometry, surface structure, and material constituting an

electrode have a profound effect on the electrochemical behavior of electroactive

species and, as a consequence influence the electrochemical response. The size of

working electrodes also affects the response of the electrode, due to mass transport

effects of the active species to and from the electrode. Electrodes miniaturization is

one of the main trends in the field of electrochemistry of the last decades. Electrodes

can be classified, according to their dimensions as: macroelectrodes (having dimen-

sions greater than 100 μm and commonly on the order of millimeters),1 microelec-

trodes (ME) (having at least one dimension below 100 μm),1 ultramicroelectrodes

(UME) (having one dimension less than the diffusion layer, therefore below to

25 μm).1 When such miniaturization is taken to the extreme, nanoelectrodes

(NE) can be obtained. A nanoelectrode has one dimension less than 100 nm, or

following a more rigorous definition, one dimension which is in the same range-

scale of the charging double layer, therefore less than 50 nm.1 Although IUPAC

defines microelectrodes as electrodes with at least one dimension less than tens of

micrometers, down to submicrometer range,2 we find the classification proposed by

Compton more convenient for the purposes of this chapter. For this reason, in the

following we will address electrodes according to Compton’s classification.

Besides the obvious practical advantage of the small size, allowing smaller

sample volumes to be used and application to in vivo measurements, microelec-

trodes offer a number of advantages such as high current density, low background

charging current, and enhanced mass transport efficiency. For an in-depth discus-

sion about macro- micro- and nanoelectrodes see Chap. 15.
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A drawback in the use of microelectrodes (as well as smaller sized electrode) is

related to the extremely low currents obtained. One way to overcome this problem

is to use arrays of micro- or nanoelectrodes (MEA and NEA, respectively), whereby

multiple electrodes are operated in parallel. The shapes and the geometry of the

MEA/NEA are mainly limited by their fabrication technique and can be conve-

niently classified according to the design and application they are designed for.

Individual electrodes in the array may assume random arrangements (Fig. 20.1a), in

this case the array is more properly defined as an ensemble of micro or

nanoelectrodes (MEE and NEE, respectively) as first termed by Martin and

coworkers.3 Note that Walt4 uses the term ensemble to mean a grouping of sensor

elements that respond collectively, and therefore each element cannot provide its

own signal for detection. However, in this chapter we will use the term ensemble as

defined by Martin. The main advantage of random configurations is their easy

fabrication, since usually it does not require expensive and technologically

demanding instrumentation. The main drawback is the random geometry of the

electrode, which makes difficult a clear comparison with theoretical models. More-

over, the random spacing between the individual electrodes can lead to different

diffusion mechanisms on the same ensemble. The design of arrays with well defined

geometry and inter-electrodic spacing is highly preferred as far as electroanalytical

applications are concerned, nonetheless the fabrication of such arrays is not always

practical and requires special equipments which are not always present in chemistry

laboratories. The most common geometries of regular arrays consist of disks

electrodes in a square- or hexagonal-shaped arrangements (Fig. 20.1b, c) or parallel

band electrodes, a special configuration of the latter geometry being interdigitated

arrays (Fig. 20.1e); in another popular design, micro- or nanodisks are arranged in a

linear fashion (Fig. 20.1d). All these configurations exploit planar electrodic

Fig. 20.1 Different array designs: (a) random array (ensemble), (b) square array, (c) hexagonal

array, (d) linear array,(e) interdigitated array, (f) three dimensional array. Figure adapted from ref. (6)
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surfaces, which are not advantageous for acute tissue slice experiments. However,

by using three-dimensional electrodes, it is possible to monitor the electrochemical

activity of the tissue directly after placing the electrode onto the tissue, the

geometry of the array reduces the distance between the electrode and the active

cells.5 Such three-dimensional arrays are usually made of cylindrical structures and

may be conveniently fabricated by etching the insulating material in which the

micro- or nanoelectrodes are embedded in; therefore 3D ordered, random or linear

arrays can be obtained (Fig. 20.1f).

All these array geometries show peculiar electrochemical behavior which can be

properly exploited for electroanalytical purposes. The goal of this chapter is to give

an overview of the different types of micro- and nanoelectrodes arrays (ensembles,

ordered, interdigitated, etc.) as well as a brief description of the main techniques

used for their fabrication. Note that in most cases the fabrication of nanoelectrodes

arrays requires more specialized fabrication techniques with respect to microelec-

trode arrays, and therefore they will be presented separately. Specific electrochem-

ical properties of micro and nanoelectrodes arrays will be described in relation to

the specific diffusion mechanisms observed in such electrochemical sensors.

20.2 MEAs Fabrication Techniques

20.2.1 Assembly Techniques

In the following paragraph we will present selected examples of microfabrication

techniques which do not require any special equipment and therefore are accessible

to almost every laboratory. Giving a complete list of all the microfabrication

techniques described in the literature, for preparing MEAs is out of our goals;

further information is indeed available in other recent reviews.1, 7, 8 Literature

descriptions of these “easy” fabrication techniques can be categorized into two

designations which are: assembly of electrode materials (microwires or

microbands) and self-assembly of molecules. The former is based on physical

techniques, while for the latter chemical principles dominate.

20.2.1.1 Assemblies of Electrodic Materials

Obtaining MEAs by assembling electrode materials has some advantages such as:

ready use of available materials, low cost, easy fabrication, and robustness of the

array.

The simplest approaches involve the embedding of microsized electrodic mate-

rials in insulating matrices. Wu et al.9 fabricated a gold circular microarray by

wrapping a gold mini-grid around precast cylinders. Bond and coworkers10 made a

10� 10 MEA by embedding gold wires in epoxy resin layer-by-layer.
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Angnes et al.11 developed a method to transform inexpensive electronic chips

into a MEA. In this procedure, the chips are sawed through their middle, as shown

by the dashed line in Fig. 20.2a, leading to the destruction of the silicon circuit and

to the cutting of the gold wires that connect it with the external terminals. By

embedding in resin and polishing the surface of the sawed chip it is possible to

obtain a linear array where the tips of the gold wires (typically 25 μm in diameter),

are the electrodes of the array. In Fig. 20.2b, a picture of five ME, from a set of

twelve, obtained by this method, is shown.

More recently, Szunerits and coworkers12 described the fabrication of an ordered

microelectrode array based on an etched optical fiber bundle. The tip of an optical

fiber bundle, comprising 6,000 fibers with a mean diameter of 4 μm, is etched using a

mixture of HF an NH4F aqueous solution. The etched surface and the sides of the

bundle were sputter coated with 1 μm thick gold layer. Silver paste was used to grant

electrical contact among the sides of the bundle and a copper wire, and subsequently

insulated by using a varnish, so that only the etched surface is electrochemically

active. In the final step, the surface of the etched bundle is partially covered with an

electrophoretic paint, so that only the tip apex of the fibers is exposed. By controlling

the electrophoretic paint deposition conditions, it is possible to define the exposed

surface of the fibers and therefore define the radius of the ME. Such devices present

an interesting combination of optical and electrochemical properties. In Fig. 20.3

SEM images of the bundle before (a) and after (b) electrophoretic paint deposition

and a schematic representation of the MEA are reported (c).

Not only metallic MEA were prepared by electrode assembly methods. Martin

et al. reported a procedure for preparing a carbon microdiscs array by filling the

pores of a microporous membrane (3, 8, and 13 μm pores diameter) with carbon

paste.13, 14 Jin and coworkers15, 16 proposed another procedure to produce carbon

MEA. A small amount of mercury was first inserted into a glass capillary

(Fig. 20.4a). Then about 90 carbon fibers were carefully inserted into the other

end of the glass capillary (Fig. 20.4b). The carbon fiber array was sealed to the tip of

Fig. 20.2 (a) Schematic representation of the cutting sections (dashed lines) in the chip. Thin lines
represent the gold wires. (b) Picture of five ME obtained from a chip, showing inter-electrode

distance and electrode diameter. (Adapted with permission from ref. (11))
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the glass capillary by using a low viscosity adhesive (Fig. 20.4c). The carbon fiber

array was polished with emery paper and connected to a copper wire via the

mercury junction by pushing a copper wire down (Fig. 20.4d).

20.2.1.2 Self-Assembly of Monolayers

It is possible to exploit the well-known property of alkanethiols for forming very

stable and well-organized self-assembled monolayers (SAM) on gold substrate17–19

for the fabrication of MEE and MEA. Indeed, such monolayers can effectively

block electron transfer between the gold substrate and the redox species in the

solution.20 For example, a SAM of a mixture of 3-mercaptoprotic acid (MPA) and

hexadecanethiol (HDT) was prepared on a gold macro electrode by coadsorption in

an ethanolic solution. MPA can be selectively removed from the mixed SAM in

0.5 M KOH at scan rate of 0.1 V/s, leaving small bare gold dots on the surface of the

Fig. 20.4 Process

of manufacturing the

carbon fiber microdisk

array electrode. (1) glass

capillary; (2) mercury;

(3) carbon fiber array;

(4) low-viscosity adhesive;

(5) copper wire; (6) epoxy

resin. (Reprinted with

permission from ref. (15))

Fig. 20.3 SEM picture of a metalized optical fiber bundle (a) and of resin-coated fiber bundle (b).

Schematic representation of a optical fiber MEA cross section (c). (Reprinted with permission

from ref. (12))
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electrode.21 Patterned SAM were produced on gold substrate either by micro-

contact printing technique22 or by inkjet printing technique.23, 24 In the former

case, the stamp is inked with a thiolic solution and brought into contact with the

gold substrate, transferring the thiols from the stamp to the gold; in the latter, the

thiolic solution is printed on the surface of the electrode by using a modified inkjet

desktop printer.

20.2.2 Photolithography

Photolithography is the most diffused technique for the fabrication of regular arrays

of microelectrodes. Photolithography is a microfabrication technique which is

based on the selective removal of parts of thin films (photoresist) exposed to UV

light. This procedure allows one to obtain regular arrays of micro electrodes with

high spatial resolution, nonetheless this technique requires special and expensive

equipments; besides, the photolithographic process requires access to a clean room.

The simplest photolithographic procedure25 for the fabrication of a MEA is sum-

marized below:

1. Starting substrate material: silicon wafers.

2. Thermal oxidation of silicon in order to obtain a SiO2 layer for electrical

isolation between the substrate and the surface.

3. Sputtering deposition of 100 nm layer of Ni/Cr followed by 100 nm layer of

Au. Ni/Cr alloy, necessary to enhance the Au adherence.

4. Photolithographic definition of metal tracks (patterning of designed layout).

5. Photoresist deposition.

6. Photolithographic definition of the openings of microelectrodes and external

contact pads. The photoresist is used here for electrical isolation of the metal

tracks.

7. Hardening of photoresist by heating the MEA up to 450 �C for 1 h, in order to

improve the device’s chemical resistance.

In Fig. 20.5, a schematic representation of the lateral view of a microelectrode

obtained by photolithography is reported.

A number of different photolithographic procedures for the production of gold

microelectrode arrays were reported.26–28 Besides gold, platinum,29–33 iridium34–38

carbon39, 40 and boron-doped diamond41, 42 were also used as metal electrode

Fig. 20.5 Lateral view of

a photolithographted MEA.

(Reprinted with permission

from ref. (25))
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material. The most important advantage of this technique is that the size, shape, and

inter-electrode spacing can be designed according to the requirements of the final

application.

20.3 Templated Synthesis of Nanoelectrode Ensembles

The membrane templated synthesis is based on the idea that the pores of a host

material can be used as a template to direct the growth of new materials. Histori-

cally, the template synthesis in track-etched materials was introduced by Possin43

and Williams and Giordano,44 who prepared different metallic wires with diameter

as small as 10 nm within the pores of etched nuclear damaged tracks in mica. The

first synthesis of NEEs prepared by using nanoporous membranes as templating

material, was described byMenon andMartin45 who deposited gold nanofibres with

a diameter as small as 10 nm within the pores of track etched polycarbonate

(PC) membranes by chemical (electroless) method, obtaining a random ensemble

of metal nanodisks surrounded by the insulating polymer. All the nanoelectrodes

were interconnected each other so that they all experienced the same electrochem-

ical potential. The scheme of the structure of a NEE is shown in Fig. 20.6.

Afterwards, various examples of membrane-templated electrochemical deposi-

tion of nanowires of semiconductors,47 metals (e.g. Ni and Co),48 oxides, and

conducting polymers49 appeared in the literature.

In the template synthesis of nanoelectrodes, each pore of the membrane is filled

with a metal nanowire or nanofiber. The metal fibers growth can be performed both

using electrochemical4, 48 or electroless45, 50, 51 deposition methods.

In both deposition methods, the pore density in the template, determines the

number of metal nanoelectrode elements on the NEE surface and, correspondingly,

Fig. 20.6 Scheme of a

nanoelectrode ensemble

in a template membrane

(a) overall view; (b) lateral

section. (Reprinted with

permission from ref. (46))
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the average distance between them; while the diameter of the pores in the template

determines the diameter of the individual nanoelectrodes. Since track-etched mem-

branes are characterized by randomly distributed pores, unless special procedures

are applied,52 by this method it is only possible to obtain random ensembles of

nanoelectrodes, i.e. NEE.

20.3.1 Template Electrochemical Deposition of Metals

The electrochemical deposition inside the pores of a nanoporous membrane

requires that one side of the membrane is made conductive. This can be done by

plasma or vacuum deposition of a thin layer of metal (typically 100–200 nm) on one

side of the membrane. The metal layer can be the same or different from the metal

which will be electrodeposited inside the pores and the membrane should be robust

enough to tolerate this kind of treatment. In electrochemical template deposition,

the coated membrane is placed in an electrochemical cell, acting as the cathode and

a counter electrode is the anode. As an alternative, it is possible to place the

membrane directly in contact with a solid electrode. Figure 20.7 shows the inter-

esting cell setup recently proposed by Gambirasi et al.53 in which the membrane is

placed between a solid electrode and a sponge drenched in the electrolyte; the

pressure made by the electrode on the sponge keeps the membrane tightly fixed to

the electrode for the time of the deposition.

Fig. 20.7 Schematic

representation of the cell

setup. By rising the elevator

the membrane lying over

the sponge, soaked with

the electrolyte, is pressed

on the surface of the

electrode. (Reprinted with

permission from ref. (53))
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The deposition can be conducted in potentiostatic or in galvanostatic conditions.

In the former case, it is possible to monitor the time course of the deposition and the

progressive filling of the pores by analyzing the time transient current. As shown in

Fig. 20.8a, the deposition curve can be divided in four parts48, 54–56 (denoted I-IV,

Fig. 20.8a) associated to the four steps of deposition, sketched in Fig. 20.8b.

Immediately after closing the circuit (phase I), the current shows an intense peak

and a fast decay due to the depletion of metal ions following the fast initial

deposition and the increase of resistance inside the pores of the membrane.
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Fig. 20.8 (a) Dependence of the reduction current on time for the potentiostatic deposition of gold

in a nanoporous membrane, and (b) sketched representation of the four deposition phases: I)

double layer charging current; II) slight current increase which corresponds to the pores’ filling

with gold; III) steep current increase which corresponds to the formation of hemispheric caps; IV)

constant current which correspond to the formation of a planar layer
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Subsequently, the current slowly decreases to reach a plateau (phase II) while the

deposition proceeds and the pores are filled. At the beginning of phase III,

the current increases again due to the increase of the electrode area subsequent to

the emersion of the metal from the pores. In this phase it is possible to observe caps

on the tips of the nanowires with a typical mushroom shape.48 Finally, the over-

grown caps merge together into an almost flat surface leading to a plateau in the

current transient (phase IV). For the sake of NEE preparation, it is essential to

stop the electrodeposition at the end of stage II, before the “mushroom caps”

start to grow.

Since the process is based on the progressive growth and filling of the pores from

the bottom metallic layer toward the open end of the pores, final products are

nanowires and not hollow structures (e.g. nanotubes).

Electrodeposition of metals has been studied to obtain gold nanowires, but also

other materials, such as, for instance, metals (Co48, 57, 58 Ni48, 54, 59 Cu48, 54 Pt

and Pd60), alloys (NiFe,58 FeSiB59) or salts (Bi2Te3,
61 CdS47).

20.3.2 Template Electroless Deposition

The electroless deposition involves the chemical reduction of a metal salt from the

solution to a surface. Noncatalytic surfaces, such as insulating polymers, have to be

activated (made catalytic) prior to the electroless deposition. Usually, this is

performed by generating metal nuclei on the surface of the noncatalytic material.

In this way, the metal ion is preferentially reduced at the sensitized surface so that

only this surface is plated with the desired metal.62

The principles of electroless deposition on nanoporous membranes are exempli-

fied by the Au deposition method developed in Charles Martin’s laboratory45, 49 for

the template fabrication of NEEs, nanotubes, and other shaped gold materials.

The electroless deposition of gold can be divided in three steps:

(1)“Sensitization” of the membrane, adsorbing Sn2+ ions on the substrate; (2) the

Sn2+ ions act as reducing agent on the surface of the membrane for the formation of

Ag nanoparticles; (3) galvanic displacement of Ag particles by reduction of gold,

followed by the catalytic reduction of more gold, after addition of a reducing agent

(formaldehyde).

A detailed description of the gold electroless deposition process may be found in

the first original papers.45, 63

In contrast to the electrochemical template deposition, in the electroless method

the metal layer grows from the catalytic nuclei, which are located on the pore walls,

towards the center of the pores. For this reason it is possible to stop the deposition at

short times in order to obtain hollow tubes instead of nanowires. This procedure

allows to obtain microfiltration membranes with golden pores.64, 65 Also other

metals, such as Cu,66 Pd67 and Ni-P68 can be deposited in polycarbonate templates

by electroless deposition. In this case a suitable procedure for the desired metal has

to be applied.
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When the goal of the deposition is to obtain metallic fibers protruding from the

insulating matrix, e.g. 3D-NEEs, it is possible to partly etch the template. Polycar-

bonate can be dissolved by organic solvents, such as CH2Cl2/C2H5OHmixtures69, 70

or, as an alternative, by etching with oxygen plasma.71

For fabricating from a metalized membrane a handable electrode system, the

following procedure is typically followed45, 50, 64, 70, 72–74:

1. The starting material for the NEE preparation is a piece of a golden polycarbon-

ate membrane, with the both faces covered and the pores filled with gold. The

smooth side of the membrane is peeled off with adhesive tape 3 M (scotch

Magic™) so that the tips of the nanowires remain exposed on one side.

2. A piece of copper adhesive tape (5� 60 mm) with conductive glue (Ted Pella,

Inc.) is first affixed on a small adhesive nonconductive aluminum square and then

to the lower Au coated surface of a 5� 5 mm piece of peeled membrane, so that

only a small part is in contact with the copper tape. (This is because the conductive

glue on the copper tape contains Ni particles which could damage the gold layer45).

3. Strips of nonconductive tape are applied to the lower and upper sides of the

assembly in order to insulate the aluminum and copper tape, this can be done

using both a piece of adhesive insulating tape, or heat shrinkable adhesive

polymer films, such as Top Flite Monokote or similar.

4. A circular hole with an area typically of 0.07 cm2 is punched into the upper piece

of insulator prior to its placement on the assembly. The surface of the ensemble

exposed to the solution defines the geometric area (Ageom) and can indeed be

changed at pleasure, e.g. from 0.03 to 3 cm2 75 without influencing the signal/

noise (S/N) ratio which is typical of NEEs.

5. As a final step, the NEE assembly is heat-treated at 150 �C for 15 min. This

procedure produces a water-tight seal between the gold nanowires and the

surrounding polycarbonate.

Figure 20.9 shows a side view of a NEE ready to be used in an electrochemical

experiment.

Fig. 20.9 Schematic representation of a NEE section, prepared using a track-etched polycarbon-

ate membrane as template. (a) Track-etched golden membrane; (b) copper adhesive tape with

conductive glue to connect to instrumentation; (c) aluminum adhesive foil with nonconductive

glue; d: insulating tape. Note: the dimensions of the pores (nanofibers) are only indicative and not

in scale. (Reprinted with permission from ref. (74))
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20.4 Ordered Arrays of Nanoelectrodes

by Nanolithography

Top down techniques, such as ion beam lithography,76–78 electron beam lithography

(EBL),79 nanoimprint80 or scanning probe lithography81, 82 allow one to achieve high

resolution nanostructuring, providing a precise positioning and sizing down to a scale

of a few nanometers, which can be used to obtain ordered arrays of nanoelectrodes.

A recent advance on the use of PC for preparing arrays of nanoelectrodes (NEA),

comes from the demonstration that polycarbonate can be successfully used as high

resolution resist for e-beam lithography. The method is based on the implementation

of e-beam lithography, for the production of the pores on the polymeric membrane

with a higher resolution with regard to photolithography.83

The nanoelectrodes are fabricated by patterning arrays of holes in a thin film of

PC spin-coated on a gold layer on Si/Si3N4 substrate. In order to improve adhesion

of the Au film a thin Cr or Ti layer is previously evaporated. The PC surface is

exposed to the e-beam and the tracks developed (etched) in KOH. As shown in

Fig. 20.10, thanks to the good properties of PC, as a high resolution e-beam resist,

by this way it is possible to obtain perfectly ordered array of nano-holes with

controlled diameter, as small as 50 nm.83

These holes can already be used as gold recessed nanoelectrodes, however by

further electrochemical deposition of gold, it is possible to fill partially or totally the

holes up to obtain arrays of inlaid nanodisk electrodes (Fig. 20.11).

The perfect control of the geometry of the array allows the full control of the

diffusion regime at the NEA. Note that similar procedures have been developed

also using polymers different from PC, as well as different nanolithographic

tools.77–79

Fig. 20.10 (a) SEM micrograph of a nanohole matrix on PC membrane, obtained by e-beam

lithography, development at 70 �C for 60 s and subsequent electrochemical gold deposition. (b)

Top view of 75 nm radius dots in a hexagonal array on PC film; inset: higher magnification detail.

(Reprinted with permission from ref. (83))
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The advantages of using PC are in its good quality and easy use as high

resolution e-beam resist and on the possibility to functionalize it with biomolecules,

using already known functionalization methods.84, 85

20.5 Electrochemistry with Ensembles and Arrays

of Micro and Nanoelectrodes

From a voltammetric view point, micro- and nanoelectrode arrays con be consid-

ered as an assembly of very small electrodes separated by a nonconductive sub-

strate. The size of the electrode affects the mass transport of redox species to and

from the electrode surface, and, as a consequence, affects the observed electro-

chemical response. In this paragraph, we will only take into consideration

voltammetric experiments performed in stagnant solutions, in the presence of

excess supporting electrolyte, so that the only relevant mode of mass transport is

diffusion. Let us consider a monoelectronic electrochemically reversible reaction in

which the electroactive species Ox is reduced at the electrode to Red, as shown

below in reaction (20.1).

Fig. 20.11 SEM images of NEAs with holes of 500 nm in diameter with gold electrochemically

deposited inside for 0 s (a), 10 s (b), 20 s (c) and 30 s (d). Estimated recession depths: (a) 450 nm;

(b) 300 nm; (c) 150 nm; (d) 0 nm. (Reprinted with permission from ref. (83))
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Oxþ e� Ð Red ð20:1Þ

As the reduction of Ox progresses, a depletion of Ox in the vicinity of the electrode

surface is observed. This sets up a concentration gradient so that Ox diffuses from

the bulk of the solution towards the electrode surface. The layer through which this

gradient extends, defines the diffusion layer thickness.86

At a macroelectrode, the reduction of Ox occurs across the entire electrode

surface so that the diffusion of Ox to the electrode is planar and the current response

gives rise to a peak-shaped voltammetric curve.87 However, at the edge of the

electrode, i.e. where the conductive material meets the insulating substrate, the

diffusion layer becomes convergent, since the diffusion is effectively to a point.

Such edge effect is negligible at macroelectrodes since the contribution of conver-

gent diffusion at the edges is overwhelmed by planar diffusion towards the entire

electrode area.

When a ME is used in the same experiment, edge effects become relevant and

the diffusion from the bulk of the solution should be described by a radial geometry

instead of a linear one. In radial diffusion regime the voltammograms are defined by

a sigmoidal shape, where the limiting current (Ilim), and not the peak current, is the

key parameter directly related to the analyte concentration.

For ultramicroelectrodes, the thickness of the diffusion layer, δ, is given as the

summation of planar and radial contribution by Eq. (20.2)87:

1=δ tð Þ ¼ 1= πDtð Þ1=2
h i

þ 1=r ð20:2Þ

where r is the radius of the electrode, D is the diffusion coefficient of the species

and t is the timescale of the experiment. From Eq. (20.2) it is evident that the

diffusion layer grows with time.

One can conclude that, as the electrode decreases in size, the diffusion layer

thickness approaches the size of the electrode dimension.

The steady-state diffusion-controlled limiting current, I(t!1), is proportional
to the inverse of the diffusion layer thickness, according to Eq. (20.3)87:

I t ! 1ð Þ ¼ nFAC∘=δ t ! 1ð Þ ð20:3Þ

where n is the number of electrons exchanged, F is the faraday constant, A is the

electrode surface area, and C� is the bulk concentration of the redox species.

Dividing Eq. (20.3) by A, it is evident that smaller electrodes provide higher current

densities as a consequence of the enhanced mass transport.

For electrodes with dimensions in the tens of nm range, the diffusion layer is

decreased to achieve dimensions comparable with the thickness of the electrical

double layer. Electrostatic forces within the double layer can accelerate the flux of

oppositely charged redox species, so generating the conditions for a further

enhancement of the mass transport to the nanoelectrodes surface. Dickinson and

Compton88 presented numerical solution of the Poisson-Boltzman equation, for
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hemispherical nanoelectrodes of vanishing size, revealing that the effects of curva-

ture on the diffuse double layer become significant for electrodes with radii less

than 50 nm. An enhanced driving force is therefore expected for nanoelectrodes as

compared to electrodes larger than 50–100 nm, especially at low concentrations of

supporting electrolyte.88 Further studies, to go deeper into the theoretical modeling

of electrochemical processes at nanoelectrodes, are strongly required.89

Micro/nanoelectrode arrays can exhibit different voltammetric responses

depending on the scan rate (i.e. time scale of the experiment) and the reciprocal

distance among the nanoelectrodes.14, 90, 91

Different situations are summarized in Fig. 20.12. When radial diffusion bound-

ary layers totally overlap, i.e. when the diffusion hemisphere is larger than the mean

Fig. 20.12 Simulated concentration profiles with isoconcentration contour lines, over a micro-

electrode array representing the five main categories of diffusion modes (form I to V). In the scale

bar next to the figure, the red color represents the bulk concentration and the blue color represents

zero concentration. The second scale bar represents a relative concentration scale for the contour

lines. Typical CVs of the each category are shown at the right (Reprinted with permission from

ref. (92))
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hemidistance among the nanoelectrodes, the arrays behave as macroelectrodes with

respect to the Faradic current (total overlap regime, peak shape voltammograms,

case V). When the diffusion hemisphere becomes shorter (higher scan rates) or the

hemidistance among nanodisks is larger, the voltammetric response is dominated

by radial diffusion conditions at each element (pure radial regime, sigmoidally

shaped voltammograms, case III). At very high scan rates, the linear active state is

reached, where linear diffusion is predominant at each electrode (peak-shaped

voltammograms, but with peak currents much smaller than case V, case I). Obvi-

ously, intermediate situations can be observed (case IV and II).

Recent theoretical studies,7, 90, 92–94 examined in detail the role of the different

diffusion regimes on the voltammetric responses recorded at arrays of micro- and

nanoelectrodes. Guo and Lindner92 introduced a very useful zone-diagram where

the combination of suitable dimensionless parameters allows one to determine the

diffusion regime (and kind of voltammetric response) operative at a certain kind of

array, at a specific voltammetric scan rate (see Fig. 20.13).

Note that such a simulation was developed for arrays in which the effect at the

border of the array are negligible; that is for array including a very large number of

electrodes.75, 83

This condition can be achieved for arrays of small size only if the size of the

individual electrodes is very small, i.e. at the nanoscale level. The following

example can help in understanding this concept. If one builds an array of 100 elec-

trodes ordered according to a square geometry, 36 of them will be on the periphery.

This means that at least 36 % of the electrodes will experience border effects. If one

wants to make this border effects negligible, it is necessary to increase the overall

number of electrodes in the array of 2 orders of magnitude; e.g. in a 104 electrodes

squared array only 3.96 % of them will be in the perimeter. If the array is built to

operate under pure radial condition, the distance between the electrodes should be

at least 10r,90 where r is the radius of the individual electrodes, which means, that if

Fig. 20.13 Zone diagram

of cyclic voltammetric

behavior at microelectrode

arrays. d is the center-to

center distance of individual

electrodes in the array

(measured in units of a),

V is the dimensionless scan

rate, and θ is the fraction

of electrochemically active

area in the array. (Reprinted

with permission from

ref. (92))
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r¼ 10 μm, the side of a 104 electrodes-array will be as large as 1 cm. If r¼ 0.1 μm,

the side of the array, (with the same number of electrodes), will be only 1 mm. This

is an aspect to be taken into account when miniaturization is a must.

On the other hand, in the case of arrays composed by a small number of

nanoelectrodes, border effects play a relevant role.95 Note that, under these condi-

tions, when the overall size of the array is in the μm range, even for arrays operating

in total overlap condition, sigmoidally shaped voltammograms are observed.95

20.5.1 Current Signals at NEEs

The diffusion regime usually observed at NEEs, fabricated from commercially

available track-etched membrane, is the total overlap regime,45 nevertheless, tran-

sition from one regime as a function of the nanoelements distance has been

experimentally demonstrated using specially-made membranes.91 It was recently

shown that, for NEE, the transition from the total overlap to the pure radial regime

can be observed by increasing the electrolyte viscosity.96 The voltammetric patterns

recorded at NEEs in high-viscosity ionic liquids are indeed peak-shaped CV at low

scan rates, while they become sigmoidally shaped at high scan rate (see Fig. 20.14).

Note that the diffusion coefficient, D, decreases at increasing viscosity, so that

diffusion hemispheres around each nanoelectrodes are smaller in a high-viscosity

medium.

8.0�10−6

6.0�10−6

4.0�10−6

2.0�10−6

−2.0�10−6

0.0

0.0 0.2 0.4

E vs. Ag/V

I/A

0.6 0.8

Fig. 20.14 Cyclic voltammograms recorded at different scan rates at a NEE (geometric area

0.07 cm2; active area 0.004 cm2), 50 mM ferrocene in [tris(n-hexyl)tetradecylphosphonium] [bis

(trifluoromethylsulfonyl)amide]. Scan rates: full line 5 mV/s; dashed line 50 mV/s; dotted line
500 mV/s. (Reprinted with permission from ref. (96))
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Coming back to the more common situation of the voltammetric use of NEEs in

aqueous media, it is worth stressing that, for electroanalytical purposes, the main

advantage of the total overlap regime is the enhanced detection limit with respect to

conventional electrodes with the same surface area. This is because at NEEs

operating under total overlap diffusion conditions, the faradaic current (IF) is

proportional to the total geometric area of the ensemble exposed to the sample

solution (Ageom, area of the nanodisks plus the insulator area), while the double

layer capacitive current (IC), which is the main component of the noise in electro-

analytical chemistry, is proportional only to the nanodisks area (active area, Aact).
45

Typical values for the geometric area range from 0.008 to 0.580 cm2 75. Note

that this parameter is defined at the moment of the NEE fabrication, by the

dimension of the hole punched in the insulator. The active area can be easily

calculated by the pore density (q) and mean pore radius (r), using the equation

reported below:

Aact ¼ πr2qAgeom ð20:4Þ

The ratio between the active and the geometric area defines a key parameter named

fractional electrode area ( f ):

f ¼ Aact=Ageom ð20:5Þ

Faradic-to-capacitive currents at NEEs and conventional electrodes with the same

geometric area are related by Eq. (20.6)97:

IF=ICð ÞNEE ¼ IF=ICð Þconv f ð20:6Þ

Being typical f values for NEEs between 10�3 and 10�2, IF/IC ratios at NEEs can be
2–3 orders of magnitude higher than for conventional electrodes with the same

geometric area. Such an improvement in the faradaic to capacitive currents ratio

explains why detection limits (DLs) at NEEs can be 2–3 order of magnitude lower

than with conventional electrodes.45, 98, 99 Since the improvement in S/N ratios are

strictly related to the fractional area, the electroanalytical performances of NEEs

are not affected by any variation in the geometric area as long as the active area

changes accordingly, i.e. the f parameter is kept constant.75

Since the main advantage of NEEs over conventional macro (mm-sized) or even

ultramicro- (μm-sized) electrodes is a dramatic lowering of double layer capacitive

currents45, 98; in case of inability to directly characterize the morphology of the

electrodes, the lack of this characteristic should be taken into account as a diag-

nostic parameter to discriminate well-prepared from defective NEEs.

For example, voltammograms affected by a large capacitive current, are indic-

ative of poor sealing between the nanowires and the surrounding PC insulator

and/or heavy scratching of the PC membrane caused by improper handling of the

NEE. On the other hand, a radial diffusive contribution to the overall signal
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suggests a larger distance between the nanoelectrodes, possibly due to a only partial

filling of the pores with gold.74

20.5.2 Electron Transfer Kinetics at NEEs

An important feature characterizing NEEs and NEAs is that their responses are very

sensitive to the electron transfer kinetics.45 According to model proposed by

Amatore et al.,100 as well as to more recent theoretical studies,7, 92, 93 NEEs behave

as partially blocked surface electrodes (PBEs), whose current responses are identical

to those of naked electrodes with the same overall geometric area, but with a smaller

apparent rate constant (k�app) for the electron transfer which decreases as the

coverage of the surface increases. According to this model, the nanodisks electrodes

are the unblocked surface and the template membrane is the blocking material.

The apparent rate constant (k�app) is related to the true standard rate constant by

the following equation:

k�app ¼ k� 1� ϑð Þ ¼ k�f ð20:7Þ

where ϑ¼ (Ageom�Aact)/Ageom and f is the fractional electrode area (see Eq. 20.5).
From an analytical viewpoint, the operativity of Eq. (20.7) means that high

faradic currents can be achieved on redox couples with “very reversible” behavior.

In cyclic voltammetry (CV) in fact, the reversibility of a redox system depends on

the k� value and on the scan rate (v). Using conventional electrodes, reversible

patterns are obtained when:

v1=2 � k∘=0:3ð Þ ð20:8Þ

but if NEEs are used, k� is substituted by k�app, and the previous relation becomes:

v1=2 � k∘fð Þ=0:3½ 	 ð20:9Þ

Considering that mean f values range from 10�2 to 10�3, from Eq. (20.9) we can

conclude that, for a certain redox couple, the scan rate value that defines the

transition between reversible and quasi-reversible behavior will be placed at 2–3

orders of magnitude lower than those at conventional electrodes. Note that such a

boundary scan rate will decrease with decreasing f. This is a limitation to be

seriously taken into account when trying to optimize NEEs for analytical applica-

tions, since it is important to consider the contrasting effect both of the increased IF/
IC value and the apparent slowing down of the electron transfer kinetics. On the other
hand, from amechanistic viewpoint, it is an advantage since it means that with NEEs

it is easier to measure experimentally very large k� values.45,99 By the analysis of

ΔEp dependence on the scan rate,101 and using suitable working curves,102 smaller

k�app values are obtained and converted to larger k� by Eq. (20.7).99
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20.5.3 Current Signals at Nanolithographated NEAs

As explained previously, the use of advanced nanolithographic methods allows one

to obtain ordered arrays of nanoelectrodes with controlled geometry. The role of the

distance/radius of the nanoelectrodes, as well as of their number (with respect to

the negligibility of border effects) has been explained earlier in this chapter. For

NEA, the possibility to control the geometry of the electrodes in the array allows

one to obtain, at pleasure electrode array which operate under pure radial control

rather than under total overlap conditions (see Fig. 20.15).

However, it is worth to stress that, because of the nanolithographic process itself,

quite often, the nanoelectrodes obtained are slightly recessed, so that theoretical

model for such geometries must be taken into account.78, 83

20.6 Complex Operating Modes

In the arrays and ensembles presented in the previous paragraphs, all the micro- and

nanoelectrodes are polarized at the same potential, and their geometry were

designed to amplify the current signal (if the micro- and nanoelectrodes are

diffusionally independent) or to minimize the signal-to-noise ratio (if the diffusion
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Fig. 20.15 CVs recorded in 10�4 M ferrocene methanol and 0.5 M NaNO3. Scan rates: 5 ( full
line), 10 (dash line), 20 (dot line), and 50 mV s� 1 (dash-dot line). Geometrical characteristics:

nanodisk radius¼ 75 nm, distance centre to centre¼ 3 μm, estimated number of nanoelectrodes in

the array¼ 1.1� 104. (Reprinted with permission from ref. (83))
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layers at the micro- and nanoelectrodes overlap). In this paragraph, we will present

arrays with different geometries designed for fast multiparametric analysis,

i.e. individually addressable array, or which exploit a peculiar cross-talking diffu-

sion mechanism to enhance the current signal recorded at the array, such as

in interdigitated arrays of microelectrodes (IAM).

20.6.1 Individually Addressable Micro- and
Nanoelectrode Arrays

At individually addressable arrays, identical or different potentials can be applied to

each microelectrode; by this way, as long as diffusional cross-talk between the

microelectrodes is avoided, multiple analyte determination can be achieved.

Until now, arrays of individually addressable microelectrodes have been pro-

duced very rarely, mainly because their fabrication heavily relies on sophisticated

technology. There are two different ways of realizing individually addressable

microelectrodes arrays: (1) each electrode may be connected by its own line to a

corresponding bond pad on the chip border, therefore each microelectrode of the

array has its own connection103–105 (see Fig. 20.16), or alternatively, (2) in a

multiplexed design, in which individual addressing of array electrodes is realized

on the chip by an integrated circuit (IC). In this case the addressing hardware is built

onto each microelectrode array chip106–109 (see Fig. 20.17). For obvious reason, the

former way of realization is easier from a technological view point, but only a

limited number of individually addressable microelectrodes can be located on the

array because of the limited space on the chip border available for bond pads.

The electrochemical measurements can be performed sequentially or simulta-

neously; however, recording sequentially cyclic voltammograms with a large

number of individually addressed microelectrodes can be time consuming.110

Fig. 20.16 View of silicon chip device which includes 48 connection pads for 48 gold micro-

electrode. (Reprinted with permission from ref. (106))
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Although individually addressable microelectrode arrays require sophisticated

technology and electronic circuitry, they found application in a number of field such

as: high spatial resolution concentration profile,107 extracellular signal record-

ing,103 multiplexed peptide and DNA analysis.106

Addressable electrodes arrays functionalized with biomolecules, were success-

fully commercialized as electrochemical sensors for immunoassays. An example is

the CombiMatrix 98001 chip. This array was, at first, developed for the synthesis of

different nucleic acid sequences, by using electrochemical placement of nucleic acids

at specific locations.111 The CombiMatrix method allows to drive the building of

oligonucleotides on single elements of the array by a software-controlled turning on

and off of the synthetic reaction. DNA arrays, at first, found applications in gene

expression levels,112, 113 resequencing genes to identify mutations114–116 analysis of

sequence polymorphism on a large scale117 and analyzing DNA–protein interac-

tions.118 Anyway, the possibility to individually functionalize each electrode of the

array allowed the application of the sensor to multiplexed immunoassay analysis, by

exploiting antigen–antibody interactions. By functionalizing antibodies with specific

oligonucleotides, it is possible to direct the adsorption of the antibodies on specific

microelectrodes where complementary oligonucleotides were synthesized. The key

feature of this system is the exploitation of biological sensing elements for antigen

recognition and the ability to screen those antigens against a vast array of probes. This

mechanism was further developed in applications such as: detection of

pathogens,119–121 proteomic and protein detection,122, 123 oncologic diagnostic.124, 125

Although being desirable, the preparation of individually addressable

nanoelectrode arrays is still at an early development level.126 The further miniatur-

ization of addressable arrays would allow to increase the number of electrodes in

the arrays, as well as to enhance the mass transport and therefore the current density

achieved by the sensor.

Fig. 20.17 (a) Multiplexed chip bearing 128 microelectrodes (16� 8) for 9 inlets/outlets pads.

The addressing hardware is built onto the microelectrode array chip. (b) View of the packaged

chip. (Reprinted with permission from ref. (106))
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20.6.2 Interdigitated Arrays

The interdigitated arrays of microelectrodes (IAM) consist of a multiple pairs of

microband electrodes which are separated by a small gap. Each set of microband

electrodes in the IAM can be potentiostated individually, so that a redox species

generated at a microband electrode (generator) can diffuse through a small gap

towards a second microband electrode (collector) where the reverse reaction takes

place. This peculiar feature gives to such electrode-specific electrochemical behav-

ior which can be exploited for analytical purposes.127 In fact, such redox cycling

mechanism greatly enhances the current output128; moreover the narrow gap

between generator and collector microband electrodes is advantageous for measur-

ing diffusion coefficients of redox species in highly resistive media129, 130 because

enhanced electric signal and fast response time can be achieved.131 In Fig. 20.18,

the redox cycling mechanism on a IAM electrode is reported.

The redox cycling mechanism described above is achieved when IAM are

operated in dual mode. In dual mode, the collector electrodes are held at a constant

potential, while the generator electrodes are scanned. As the generator electrode

potential approaches the redox potential, both collector and generator current

increases by the same magnitude but with opposite sign (Ia¼ –Ic). When the

generator potential overcomes the redox potential, both generator and collector

currents reach a plateau. In Fig. 20.19a a voltammogram recorded with IAM

operating in dual mode is reported.

Fig. 20.18 Illustration

of the current enhancement

mechanism of redox cycling

on an IAM electrode.

R reduced molecule,

O oxidized molecule

1 μA

10 μA

a b

0.1V

0.1V

Potential/V vs Ag/AgCl

Io

Ia

Ic

Fig. 20.19 Cyclic

voltammogram of 1 mM

ferrocene in acetonitrile

solution at IAM. (a) Dual

mode; (b) single mode.

(Reprinted with permission

from ref. (131))
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When IAM is operated in single mode (Fig. 20.19b), the collector electrodes are

not potentiostated, and the current recorded at the generator electrodes give a

sigmoidal curve. Note that the current recorded in dual mode is about 50 times

higher than that recorded in single mode.

Dual mode, not only enhances the current signal, but the absence of a capacitive

charging current at the collector electrode also enhances the signal-to-noise ratio. In

fact, in conventional cyclic voltammetry the magnitude of the charging current is

linearly proportional to the scan rate, the Faradic current, instead, is proportional to

the square root of the scan rate. Therefore, a higher scan rate gives a lower signal-

to-noise ratio. When the IAM electrode is operated in dual mode, there is no

charging current at the collector because the potential is fixed. Even when the

potential scan rate is high and redox cycling becomes inefficient, the collector

current is not affected by double layer charging currents. Therefore, the IAM

electrode is also suitable for high scanning speed voltammetry.

The diffusion-controlled limiting current at IAM operating in dual mode is given

by Eq. (20.10)132:��Ilim�� ¼ mbnFc

� D 0:637ln 2:25 1þWb=Wg


 �� �� 0:19= 1þWb=Wg


 �2h i
ð20:10Þ

Where m is number of microband electrode pairs, b is the band length and Wb and

Wg are the microband and the gap width, respectively. From this equation, it is

evident that the smaller the gap between the microelectrodes, the higher the redox

cycle number obtained and, as a consequence, the higher the current enhancement.

Narrow-gap IAM offers high sensitivity and short response time. The IAM elec-

trode also has a small sample volume requirement for practical measurements.

These characteristics make IAM suitable for the detection of biological substances

and for detection in liquid chromatography (LC) or flow injection analysis (FIA).133

20.7 Conclusion

Micro and nanoelectrodes arrays can be obtained both by bottom-up and top-down

nanotechnologies. In both cases, the final result is a composite material in which

micro or nanoelements of a metal conductor are embedded into an insulating matrix.

The control of the geometry of the composite allows one to obtain functional

materials with unique electroanalytical characteristics. MEE and NEE can be

obtained by rather simple and cheap techniques, themain drawback being the random

geometry of the array, which leads to a less precise description of the array behavior

by modeling. On the other hand the fabrication of MEA and NEA with high spatial

resolution requires expensive and technological demanding instrumentations.

Arrays show enhanced mass fluxes and are characterized by a dramatic enhance-

ment of the signal to background current ratio with respect to other electrode
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systems. Since the mass flux enhancement scales inversely with the electrode

dimensions, fabrication of arrays/ensembles of electrodes in the nanometer scale

(NEA/NEE) allows to further increase the current density recorded at the arrays.

A drawback is their extreme sensitivity to the electron transfer kinetics.

The possibility to move from present NEE/NEA (where all nanoelectrodes are

interconnected each other) to more sophisticated nanoelectrodes systems, where

multiple analyte determination is achieved, as well as the extreme miniaturization

of such devices, are obvious for environmental or food analyses and for materials

testing as well.

Finally, it is worth stressing that further advantages can be pointed out due to the

composite nature of micro and nanoelectrode arrays. They are indeed composed of

metal nanoelements surrounded by a (relatively) wide surface of a suitable polymer.

Recent studies showed that a wide polymer surface can be exploited for functiona-

lization process, by immobilizing on it molecule layers with biorecognition capa-

bilities, which can be coupled, by a suitable redox cycle, with the electrochemical

transduction capabilities of the metal nanoelectrodes.84, 85, 134

Future research efforts should be devoted to the development of singly address-

able nanoelectrodes where multiple analyte determination can be achieved. Fur-

thermore, studies to go deeper into the theoretical modeling of electrochemical

processes at nanoelectrodes are strongly required, in order to gain a better under-

standing of their electrochemical behavior.
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Chapter 21

Sensors and Lab-on-a-Chip

Alberto Escarpa and Miguel A. López

21.1 Introduction

Fields like miniaturization and nanotechnology have been greatly developed in the

last years. Like other fields, analytical chemistry has also been affected by this new

technology. In this sense, the possibility to carry out laboratory operations on a

small scale using miniaturized devices is very appealing. From the analytical point

of view, small scale reduces the required time to analyze a product, as greater

control of molecular interactions is achieved at the microscale level; makes easier

automation and simplification; and provides additional advantages such as the

speed of result generation (high throughput), the amount of information (simulta-

neous or multiparametric), the autonomy allowing field test (portability), reduction

of reagent cost, or the amount of chemical waste. The tremendous potential of

miniaturized analytical systems is clear in fields as medicine, facilitating the

development of new diagnostic abilities, and significantly improving their applica-

tions in food analysis or environmental monitoring.

The final aim of analytical miniaturized systems is represented by themicro total
analysis systems.1 μ-TAS concept was developed from the modification of the TAS

by downsizing and integrating the analytical process steps onto single monolithic

devices. In essence, a μ-TAS is a device that improves the performance of an

analysis by virtue of its reduced size. Besides analytical tasks can be performed into

a miniaturized system, other chemical functions such as synthesis can be also

performed. For this reason, today, μ-TAS concept has also been called by “lab-

on-a-chip”. On the other hand, it has to be pointed out that miniaturization is more

than simply the scaling down of well-known systems since the relative importance

of forces and processes changes with scale. One of the most relevant characteristics

of analytical microsystems is the omnipresence of laminar flow (Reynold’s number

A. Escarpa (*) • M.A. López
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are typically very low), in which viscous forces dominate over inertia. This means

that turbulence is often unattainable and that molecule transportation only occurs

through diffusion, which has direct consequences on the designs of this type of

microsystem. In addition to its small size, the key feature derived from the micro-

TAS or lab-on-a-chip concepts is the possibility of handling fluidics on a nanoliter

and even picoliter scale, widening the scope of micro-TAS to now be labeled

microfluidics. Therefore, microfluidics is the science and technology of systems

that process or manipulate small amounts of fluidics (10�9–10�18 L) using channels

measuring from tens to hundredths of micrometers. For this reason, the term

microfluidics emphasizes the strong impact that miniaturization and integration

have on the fluidics and chemical engineering of analytical microsystems.2,3

Micro-TAS, lab-on-a-chip devices or microfluidics in Analytical Chemistry can

be seen as different analytical microsystems comprising: (1) the direct measure-

ment of one or a few components with little or no sample preparation (μ-sensors);
(2) the measurement of one or a few components which require some treatment of

the sample (μFIA); (3) the analysis of more complex samples involving the

separation of their components (μ-HPLC and μ-CE).4 In all cases, one of the oldest
and most important challenges in analytical chemistry is chased: the accurate

measurement of a specific compound in a complex matrix. Taking in consideration

these principles, the aim of this chapter would be mainly focus on the integration of

sensors or sensor-like systems in microfluidic systems as platforms for electro-

chemical sensing in the environmental field.

Microfluidic platforms on a microchip format (microfluidic chips) are made up

of a network of channels to perform multiple operations involving at least one

injector (where a sample plug is loaded) and pumping microchannels (where the

transport of analytes is performed) that are suitably interfaced to reservoirs (where

different solution/samples are deposited). Microchannels and reservoirs are fabri-

cated on microchips using mainly photolithography or micromolding to form

channels for sample injection, transport, and analyte detection on planar substrates.

Once all of the solutions, including those of the samples, are loaded, the samples are

typically transferred hydrodynamically or electrokinetically into an injector region.

Then their components are pumped by applying either high voltage or pressure and

are afterwards detected with a suitable detection system.

In the following sections a general overview of the different aspects related to

microfluidic analytical systems will be presented, followed by specific applications

of electrochemical microfluidic platforms to environmental analysis.

21.2 Microfabrication

A microfluidic platform provides a set of unit operations (fluidic handling), which

are designed for easy combination within a well-defined fabrication technology,

where the monolithic approach is the most commonly used. The platform allows the

implementation of different application-specific systems (assays) in an easy and
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flexible way, based on the same fabrication technology. In consequence, a

microfluidic platform cleverly integrates the required operations during the analy-

sis. These units are metering, mixing, incubating, and so on: in other words, all

physical and chemical operations for the performance of sample introduction,

preparation, separation and detection.5

In this sense, a relevant key of these miniaturized analytical systems is the

necessity of the development of microfabrication techniques. The accurate and

deep description of the microfabrication techniques is obviously outside of the

scope of this chapter (readers can find more information in excellent books6).

However, a brief description of materials properties and the most important aspects

involved in both, glass and polymer microfabrication technologies for microfluidic

platforms, in the microchip format, will be described.

It is clear that material substrate used for microchip fabrication is a key factor

since the performance of the microfluidic platform will be strongly dependant of

this material. Glass, polymers, and in lower extension silicon are the three main

types of materials used for microfluidic devices fabrication.

Silicon was the first material used due to the well-established microfabrication

processes developed for semiconductor microelectronics industry. The chemical

and physical properties of silicon are well characterized. It possesses good thermal

conductivity, it is resistant to high temperatures and structurally strong, and can be

produced virtually in any geometrical microstructure with high precision, and its

surface chemistry has been studied extensively giving the capability to attach

molecules to its surface easily. However, it has some important limitations7: (1) It

is not optically transparent in the wavelength range for optical detection; (2) It is

electrically conductive, so it is unsuitable for electrochemical detection or electro-

kinetic flow transport or reagents; (3) Proteins and other biomolecules tend to bind

to silicon surface groups, reducing the sensitivity; (4) The microchip construction is

relatively expensive, time consuming and (5) The wet etching process typically

used in fabrication produces a low aspect ratio.

Although silicon has been a significant material in microfluidic devices, these

drawbacks have made it replaced or combined with glass or polymer substrates for

most analytical applications.

Besides, the use of glass as material substrate can overcome some of the problems

associated to silicon. Glass is less expensive, it presents good chemical resistance

and it is optically transparent through the visible spectrum allowing LIF detection.

Furthermore, thanks to be none electrically conductive, glass is compatible with

electrokinetic fluid transport. However, glass also has some drawbacks. As with

silicon substrates, the wet-etching method used for fabrication does not produce a

high aspect ratio, toxic chemicals are involved, and this material is more fragile.

Structures on glass substrates are usually generated using standard photolitho-

graphic technologies.8–10 Figure 21.1a presents an example diagram of such pro-

cedure. Briefly, first a layer of photoresist is spin-coated on top of the sacrificial

mask layer (Cr/Al) (deposition). Photoresist is a polymer that becomes soluble

(positive) or insoluble (negative) in developer solutions after exposure to light

(exposition light). In the next step the photoresist spun on the microchip is exposed
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in the region defined by a photomask, typically using an aligner. The photomask is a

plate with a user-designed pattern that is transparent while the background is

opaque (or vice versa) to the exposition light. After the microchip is baked to

harden unexposed resist, the exposed photoresist is dissolved with a developer

solution (development). The sacrificial mask layer (Cr/Al) of the exposed region

is removed using the appropriate etchants (sacrificial layer removing). During this

time, the sacrificial layer underneath the unexposed photoresist remains intact.

After pattern transfer and development, the portions of the microchip that are to

be etched have been unmasked and are now ready for chemical etching (glass
etching). HF is used as the primary etchant and can be prepared in various solutions

including HF/NH4F, HF/HNO3, and concentrated HF. The etching rate of HF for

glass is readily controllable if the temperature is controlled. Following etching of

the microchannels, the photoresist and sacrificial mask layer are stripped (strip-
ping), and the access holes drilled. The access holes can be drilled on the etched

substrate or on another blank glass wafer. When holes are drilled on the etched

substrate, aligning two substrates for bonding is much easier. Finally, the substrate

is bonded to another piece of substrate to form a finished microchip (bonding).
In the last years, polymers have emerged as an interesting alternative to glass and

silicon in the microfluidic platforms fabrication. Polymers offers the advantage of

being low cost and easily produced sincemicrofabrication techniques (e.g., injection

Deposition

Exposition light 

Development 

Sacrificial layer removing 

Glass etching 

Stripping 

Bonding 

Fabricate master

Define reservoirs

Cast and cure

Remove PDMS

Oxidize PDMS
Replica/flat

UVUV   

a b

Glassmicromachining PDMS micromachining

Fig. 21.1 (a) Microfabrication of glass microchips. (Adapted from reference (10)). (b) Microfab-

rication of PDMS microchips. (Adapted from reference (12))
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molding, compression molding, extrusion, hot embossing, soft lithography, laser

photoablation, screen printing, and replication) are highly reproducible; while

expensive patterning procedures are only required for constructing the mold. In

addition, polymers have good chemical resistance, optical transparency, low auto

fluorescence, none toxic, and do not absorb UV. Moreover a variety of surface

modification methods are availably improving the efficiency of these devices. There

are a variety of materials (e.g., plexiglas, cyclic olefin copolymers, polyester,

polycarbonate, polymethyl methacrylate (PMMA)), each with specific properties

offering the possibility of tailoring a material to a specific application. However,

without any doubt poly(dimethylsiloxane) (PDMS) has emerged as the most used

polymer material. PDMS is flexible, optically transparent, impermeable to water and

permeable to gases, and very compatible with biological studies. Nevertheless due to

its hydrophobic surface, this material presents some limitations as poor wettability,

forming bubbles in aqueous solutions, lower durability, and the tendency to adsorb

proteins and other molecules. However, due to the elastomeric nature of PDMS that

allows an easy seal with smooth and flat surfaces, hybrid devices using mainly

PDMS and other different type of material as glass, polyester have been reported.

Related to polymer microfabrication microchips, the two major ways are repli-

cation from a master (moulding methods) and direct machining.11,13,14 Replication

methods often produce a microstructure by allowing a polymer workpiece to form

an inverse copy of a mould. These methods are: hot embossing, injection moulding,

and casting. The formation of microchannels and other structures using moulding

methods generally involves two primary steps: (1) moulder (also known as master)

fabrication, and (2) channel pattern transfer from that moulders to polymer sub-

strates. These methods have in common that a very soft or even liquid form of

polymer is poured or pressed into a mould, after which the material is hardened and

removed from the mould. On the other hand, direct machining methods remove

small amounts of polymer in places where the microstructures (microchannels,

reservoirs) should be located. This type of micromachining is laser ablation.

Hot embossing is the process of pressing a mould into heated, softened thermo-

plastic, followed by cooling, thereby producing an inverted replicate of the mould.

The first step in hot embossing consists of heating the mould and the polymer to

glass transition temperature. Once the polymer begins to soften it takes on the form

and the shape of the mould. The mould and the polymer are then cooled below the

glass transition temperature to harden the polymer, and afterwards the polymer is

removed from the mold. Embossing can take several minutes per device and can be

a useful tool in rapid prototyping devices.

In the injection moulding technique the molten polymer material is injected into

the mould. For microinjection moulding, the mould is heated to the softening

temperature of the polymer to prevent the injected polymer material from hardening

too early. After injection of molten polymer into the mould, this is slowly cooled, so

that the polymer hardens and then, the polymer microstructure can be removed

from the mould. Injection moulding allows very high-throughput production with

low production costs (moulded devices are released every 5–10 s).
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On the other hand, laser micromachining (such as photoablation) is a direct

machining method based on the removal of polymer material by using intense UV

or infrared radiation provided by a laser. The photoablation process involves

absorption of a short-wavelength laser pulse to break covalent bonds in long

chain polymer molecules with production of a shock wave that ejects decomposed

polymer fragments.6 Many commercially available polymers can be photoablated,

including polycarbonate, poly(methylmethacrylate) (PMMA), polystyrene, nitro-

cellulose, and poly (tetrafluoroethylene). The laser energy can be specially pat-

terned using a mask with the subsequent generation of microcavities and channels

in various geometries or controlling position of the laser with x-y stages. The

resulting structures are generally characterized as having little thermal damage,

straight vertical walls, and well-defined depth. However, laser ablation does not

lend itself well to mass production.

A particular example of polymer machining of great significance is the PDMS

microchip.12 PDMS is a widely used polymer substrate for soft lithography-based

microfabrication and nowadays has a relevant role in the miniaturization scene not

only as microchip material but as ideal material to build “lab-on-a-chip” systems

(soft lithography). Apart of the features described before, the major advantage of

this material is the ability of rapid prototyping of complex structures.

Casting uses a chemical process to harden the polymer.6 Two components, a

base and a hardener or cure, are mixed just prior to use. Immediately upon mixing,

the chemical curing process starts. After some time, this process results in harden-

ing of the polymer (at atmospheric pressure and temperature). The liquid mixture is

poured in the mould and as the polymer sets it takes the shape of the mould. The

polymer structure can then be removed from the mould. This technique is very

popular with elastomers such as PDMS because they form hermetic, reversible

seals and smooth surfaces like glass or silicon by adhesion. Casting is the simplest

among these three moulding processes, but requires contact with the mould for

minutes or hours. A schematic representation of this type of replica moulding is

shown in Fig. 21.1b.12 Channels in PDMS are easily formed by replica moulding,

which is simply the generation of a negative replica of the master in PDMS by

pouring the prepolymer over the master and subsequent curing at atmospheric

pressure at somewhat elevated temperatures. In the last step, the PDMS replica

containing the channel network was sealed irreversibly with a second flat slab of

PDMS. In the example shown, this is due to oxidation of both surfaces in an oxygen

plasma discharge. Oxidation results in a stronger seal than with untreated PDMS,

and it seems to be easier to fill oxidized PDMS channels with liquids, and as we

explained before, higher cathodic EOFs were generated which is consistent with a

more negatively charged surface of PDMS after oxidation. However, instead of

irreversible oxidation, glass plates are usually used for sealing the channels, also

physically supporting certain integrated elements like electrodes. When the PDMS

and glass parts are ready and cleaned with methanol, the two surfaces are brought

into contact by a reversible seal. For irreversible bonding, as is described in the

example shown before the two surfaces are placed under plasma and brought into

contact after appropriate surface activation.
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Apart from these more established materials, a low-temperature co-fired ceramic

(LTCC) has also been used for constructing electrochemical microfluidic devices.

Using this material, highly intricate three-dimensional structures can be designed,

integrating fluid networks, embedded passives and electronic circuits by means of

unfired flexible sheets. After firing, the LTCC becomes rigid with very good

thermal, mechanical, and electrical properties.

21.3 Standard Operation on Microfluidic Platforms

21.3.1 Sample Preparation

Due to the complexity of environmental real samples and the low relative abundance

of pollutants, preparative cleanup and preconcentration steps are usually required.

Although sample preparation techniques are widely developed in conventional for-

mats and off-line, it is important to point out that from the different steps related to the

analytical process, sample preparation is notably the least developed in miniaturized

devices. However, very exciting unique opportunities could be expected because of

(1) the intrinsic possibilities of microfabrication technology to create sophisticated

designs and microstructures in connection with sample preparation requirements;

(2) the natural possibilities offered bymicrofluidics: the presence of laminar flow and

diffusion; and (3) the ease of using electrokinetic phenomena tomove fluidics into the

network channels with accuracy (focusing on flow techniques). The integration of

sample pretreatment in microfluidic systems can eliminate sample handling loss or

contamination problems arising from off-line sample manipulation.15

The main sub-categories of sample pre-treatment include isolation/clean-up and

sample pre-concentration, which will be discussed in the following paragraphs.

Excellent literature is proposed for further reading.5,16–22

21.3.1.1 Isolation/Clean-up from the Sample Matrix

A challenging task faced by the analytical chemist when dealing with raw samples is

extracting/isolating the analyte of interest from the sample matrix. It is fair to say

that the majority of nonideal samples arrive in a format incompatible with most

analytical instrumentation, and requires some degree of clean-up. Even well-defined

samples (e.g. aqueous solutions) require basic filtration prior to analysis. Other

desirable techniques may include liquid/liquid extraction and solid phase extraction.

Filtration Approaches

Possibly the most essential step when performing analysis in microfluidic systems,

especially in environmental field, is the filtration of sample prior to processing. Due
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to the typical small dimensions in microstructures, particulates can cause serious

operational problems, providing sites for nucleation or blockage. The simplest

solution is to filter all reagents and sample on-chip prior to analysis.

Related to filtration, two approaches have been employed: structurally-based

filters (filtering and retention by integrated flow restrictions and controlled by

manufacturing process) and diffusion based filtration (filtering by diffusion in

laminar flows). Structurally-based or microfabricated filters have been proposed

in popular architectures like frits, pillar structures, or flow restrictions within fluidic

channels to mimic conventional filters.19 Figure 21.2 shows a scanning electron

microscope (SEM) of a typical example where it can be observed the single filter-

chamber device (A) and the filter chamber (B) (side view). In this case, the pillars

are 3 μm wide and 50 μm high with spacing of 2 μm. The effectiveness and

application of these filter structures is determined by the resolution limits of the

manufacturing process. Consequently, filtering of sub-micron sized particulates

using physical structures puts stringent demands on device fabrication. To fabricate

microfiltering devices more easily, sandwiching a thin polycarbonate track-etched

membrane between cover and bottom plates or the photopolymerization of a

membrane into a channel has also been introduced.24–26

By other hand, filtration can be induced by allowing the analytes of interest to

migrate across a laminar boundary between two adjacent layers (sample and solvent

stream) where material transport only occurs by diffusion due to the predominance

of laminar flow in microfluidc systems.27,28 An interesting quality of laminar flow is

that material transport between two adjacent streamlines only takes place by

diffusion, and not by turbulent mixing as it is done in a test tube. This inherent

feature of microfluidics is conceptually despite in Fig. 21.3 towards two classic

designs: T and H-designs. Since species of low molecular mass have greater

mobility (larger diffusion coefficients) than large molecular species, the process

can be further controlled by altering the time in which the two fluids come into

contact. The approach is highly configurable since the time allowed for diffusional

transfer between streams is directly controlled by fluid velocity and the length of the

Fig. 21.2 (a) A SEM overview of the single filter-chamber device. (b) SEM image of the filter-

chamber (side view). The pillars are 3 μm wide and 50 μm high with a spacing of 2 μm. From (23)

reproduced by permission of John Wiley and Sons
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channel. Importantly, this approach addresses many of the problems associated

with structurally-based filters, since its operation is reliant on the control of

molecular diffusion rather that the resolution of the manufacturing process.

Both approaches fix perfectly to microfabrication and microfluidic technologies.

The first one because of the well-known integration technology of multiple

micropieces into a single microdevice; whereas the second one works on

the basis of an inherent property in microfluidics: presence of laminar flow

and diffusion.

Fig. 21.3 Conceptual drawing of two filtering microdevices based on laminar flow and diffusion

principles. (a) A junction where two liquids meet and flow downstream side by side. (b) H-filter.

From (5) reproduced by permission of John Wiley and Sons
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Extraction Approaches

Liquid/liquid extraction, technique widely used in conventional sample

pretreatment methodologies, describes the physical process by which a compound

(or a mixture of compounds) is transferred from one liquid phase to another, and

could play a predominant role in miniaturized systems. The high surface-to-volume

ratio and the short diffusion distances, typically within microfluidic environments,

combined with laminar flow conditions, offer the possibility of performing liquid-

liquid extraction within micro channels without shaking. Different ions as Fe (II) or

Ni (II) have been extracted and analyzed in microdevices.29,30 Although a potential

drawback could be the low unit throughput (normally between 1 and 100 μLmin�1),

this problem can be obviated by operating arrays of parallel channels concurrently.

Solid phase extraction is a broadly used technique in which a target molecule is

retained by a chromatographic stationary phase material and subsequently eluted in

an appropriate (and selective) solvent. SPE functions either as a sample clean-up

method and a pre-concentration method. This fact is due not only that the target

analyte is retained within the stationary phase and the unwanted components of the

sample matrix flow to waste, but also after elution in the desired volume entails

pre-concentration of the analyte. Several and creative approaches for performing

solid-phase extraction in microfluidics have been proposed. A first approach entails

to coat channel walls with a high affinity stationary phase, although this method-

ology is less common. Since coating channel approaches depend on the available

surface area for interaction, into micron-size channels the contact surface is very

small. A simpler way to increase the surface area is to pack the microchannels with

stationary phase; however, packing process is not easy, and sometimes this alter-

native is also avoided. The group of Ramsey integrated filtration, concentration, and

separation onto a microchip device for determination of PAHs. After filtration on an

array of thin channels, sample concentration and separation was performed in a

C-18 coated separation channel.31 Korenaga et al. presented the on-chip cleanup of

benzo[a]pyrene and benzo[k]fluoranthene from diesel exhaust particles using silica

gel beads packed into the microchannel.32 Tennico and Remcho have recently used

iron oxide nanoparticles as solid-phase extraction support in a microchip device.

The NPs functionalized with octadecylsilane were used for extraction of parabens

and nonsteroidal anti-inflammatory drugs in water. The packing, removal, and

replenishment of extraction bed are performed straightforward by the aid of a

magnet.33 A very attractive possibility, compatible with miniaturized dimensions,

is to replace conventional stationary phase materials by a continuous porous bed in

situ formed from polymerization of organic monomers. The process of bed forma-

tion is easy, since a low-viscosity monomer solution can be introduced by vacuum

or pressure into the microfluidic channel prior to initiation. In this sense, Augustin

et al. reported a monolithic stationary phase synthesized by the polymerization of

acrylate monomers for enrichment and successive separation of PAHs by

SPE-MCEC.34 Similar works have been reported for in-situ monolithic fabrication

in a microfluidic device.35,36
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21.3.1.2 Preconcentration: Electrokinetic Approaches

In addition to the complexity of environmental samples, analytes may be present at

extremely low concentrations. This combined with the ultrasmall detection vol-

umes encountered in microfluidic systems (pL–nL) makes often desirable to incor-

porate sample pre-concentration prior to detection within microfluidic systems.

Electrokinetic flow-driven systems have a relevant role in microfluidic devices

due to their inherent and easy miniaturization, simplicity of fabrication, and high-

controlled fluidic manipulation. Although this fluidic motion will be discussed more

detailed in a next section, this principle has shown very useful to analyte

preconcentration in microchips. These techniques have been studied for several

decades and are commonly used in CE conventional systems as a single-step

preconcentration method for achieving high sensitivity. Two different strategies,

the first one, based on the velocity change of the analytes between the sample and

separation solution zones (stacking), together with “focusing” techniques where the

analytes are focused at the points where the migrating velocities become zero will

be presented briefly.

In field amplified stacking (FAS), a background solution (BGS) with a high

conductivity and a sample solution (S) with a low conductivity are prepared. The S

is introduced into the capillary filled with the BGS, and then an appropriate voltage

is applied to both ends of a capillary. The local electric field in the sample zone is

higher than that in the BGS as the electric current in the capillary is constant.

Therefore, the electrophoretic velocity of the analytes in the sample zone is faster

than that in the BGS. This difference in the electrophoretic velocities between the S

and BGS zones generates the “stacking” effect at the S/BGS boundary, so that the

analytes are concentrated around the boundary. From the first application of FAS in

MCE reported by Jacobson and Ramsey37 different approaches have been reported.

In the work of Noh et al.,38 FAS and FASI (field amplified sample injection)

methods are uniquely combined with a background electrolyte modified with gold

nanoparticles to enhance preconcentration and separation performance. The pres-

ence of nanoparticles in the background electrolyte provides additional sites for

solute interaction and has the ability to alter the apparent mobility of analytes as

well as electrosmotic flow. A 200-fold increase in sensitivity in the determination of

phenolic endocrine disruptors in water samples was reported.

However, in FAS there is a major problem, that neutral analytes cannot be

concentrated. To improve this low applicability in FAS, electrokinetic chromatog-
raphy (EKC) conditions on a microchip have been introduced for concentrating

neutral analytes.39 Also, the adsorption of analytes onto the inner PDMS

microchannel wall was prevented using ionic liquids (ILs), while the EOF is

increased due to the charge of the ILs.40

Another difficulty usually observed in FAS is to concentrate a sample solution

containing high-concentration salts, e.g., sea water, because a high conductivity in

the sample matrix provides a smaller difference in the electric field at the BGS/S

boundary. Trying to solve this trouble, Isotacophoresis (ITP) can be used where an
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ionic sample solution is introduced between leading (LE) and terminating electro-

lyte (TE) solutions. The electrophoretic mobilities of the electrolytes are in the

order of LE> S>TE. When the voltage is applied to a separation column, the

sample ions are separated in the order of the electrophoretic mobilities, and then all

the divided zones migrate with a uniform velocity toward a detection point. Up to a

million-fold sample stacking have been reported using ITP method integrated on a

CE microchip.41

Related to “focusing” techniques, different possibilities are available for the

preconcentration and separation in electrophoretic analysis. In these techniques,

the migration direction of analytes is inversed in a separation channel. Thus, the

analytes are “focused” at the points where the migrating velocities become zero.

For a better understanding of these techniques some selected examples based on

electric field gradient focusing (EFGF), and temperature gradient focusing (TGF)

will be discussed.

In electric field gradient focusing, sample molecules migrate in a channel

applied as an electric field gradient. In the microchannel, a hydrodynamic counter-

flow is also introduced with a constant velocity. When the electric field at the inlet is

higher than that at the outlet and the counterflow is introduced from the outlet, a

faster electrophoretic migration of the sample overcomes the hydrodynamic flow.

Thus, the sample moves toward the outlet. With decrease in the electric field along

the microchannel, the electrophoretic velocity of the sample is gradually decreased

and finally inversed due to the counterflow, so that the sample is focused and

separated in the order of their electrophoretic mobilities. EFGF on planar micro-

chips have been first reported by Humble et al.42

Ross et al.43 have developed a novel technique using a temperature gradient
focusing (TGF). The electrophoretic velocity of the sample is gradually changed by

the variation of the ionic strength of the BGS which is dependent on the temper-

ature. TGF is more advantageous than EFGF in respect of easier operation and the

applicability to a wide range of analytes.

In addition to chemical preconcentration methods, some relevant applications

make use of biological reagents. In this sense, antibody modified surfaces such as

microchannel walls or micro/nano particles allow the specific enrichment and

determination of selected analytes. The use of antibodies in microfluidic platforms

for environmental analysis will be more deeply discussed below. An interesting

application is the bacterial enrichment for selective enumeration of bacterial spe-

cies and sensitive detection from environmental samples.44 This process is time-

consuming in which a species-selective growth medium is inoculated with a sample

containing the target species allowing the bacteria to multiply over a period of

several hours to days.45 In the work of Dharmasiri et al.46 selective antibodies are

immobilized on the surface of a PMMA microchannel where enrichment takes

places. Beyor et al.47 makes use of specific antibody modified superparamagnetic

polystyrene beads within the microchannels for isolation and preconcentration of

E. coli cells. In both cases, off-chip PCR detection was performed with recoveries

of 70 %.
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21.3.2 Fluid Transport

Different strategies for liquid-transport within a microfluidic platform have been

reported in the literature, and mainly categorized as pressure, electric, and passive

fluid handling forces. The difference lies mainly in the nature of the driving agent

behind the transport. When flow is generated mechanically by a pump is called

pressure-driven flow; when flow is driven by a voltage is called electro-osmotic

flow; and when not external power sources are required to drive liquids, it is called

passive flow. In a general sense, in the miniaturization scene, electrokinetic flow-

driven systems are clearly dominant versus hydrodynamic ones. The reason for this

dominance lies partially in the inherent simplicity of fabrication and operation

combined with unique features with respect to separation speed, sample injection,

and reagent consumption. Although a deeply discussion of fluid motion on

microfluidic platforms is out of the scope of this chapter, a brief description of

these systems will be overviewed.

In pressure-driven (or hydrodynamic) microfluidic systems, a pump is used to set

fluids into motion. A large variety of principles have been developed and wider

information can be found in interesting reviews.5,48–50 Within these microsystems,

the pumping mechanism is based on the use of mechanical displacement

micropumps. They can be defined as those that exert oscillatory or rotational pressure

forces on the working fluid through a moving solid–fluid (vibrating diaphragm,

peristaltic, rotary pumps) or fluid–fluid (ferrofluid, phase change, gas permeation

pumps) boundary. There are a large combination of actuators for pumping and valves

(electrostatic, piezoelectric, thermopneumatic, electromagnetic, etc.) which deter-

mine de overall performance, in terms of generated pressure, stroke displacement,

response time, and reliability. By other hand, one of the most used pumping methods

includes the use of syringe or piston micropump, although it is increasingly difficult

to use in micro/nanochannels due to the hydrodynamic resistance increases with the

reduction in dimension. An important drawback of pressure driven flow systems,

especially when separation has to be performed, is the presence of a parabolic

velocity flow profile. This causes sample plug dispersion and peak broadening,

rendering less attractive for separations. Furthermore, the flow behavior is usually

nonlinear, which may be a problem for this kind of device. However, pressure-driven

flow can be used for both aqueous and nonaqueous liquids.

Electro-osmotic flow (EOF) is the liquid flow originating in the presence of an

electric field when an ionic solution is in contact with a charged solid phase.

Oppositely charged ions in the fluid shield the surface charge and can be manipulated

with a DC or AC electric field. DC electro-osmotic pumping is normally used,

particularly for electrophoretic separations. As a well-known example, in silica

material in contact with an aqueous electrolytic solution, the solid surface has an

excess of negative charge due to their ionization of the surface’s silanol groups.

A high number of counterions of these anions are found on the interphase between the

capillary wall and the solution originating the electric double layer, which is formed

by a stagnant layer adjacent to the capillary wall (Stern layer) and a mobile diffuse
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layer (Gouy-Chapman layer). The cationic counterions in the diffuse layer migrate

toward the cathode. As they are solvated, they drag solvent with them, originating the

EOF (Fig. 21.4). The linear velocity of the EOF depends on the potential originated

across the double layer and the zeta potential. The flow is simply created by filling a

microchannel with a buffer solution and applying a suitable voltage at the channel

ends. Some advantageswith respect to hydrodynamic flow systems are the absence of

mobile parts such as valves, actuators, and also the particular flow profile. Contrary to

hydrodynamic flows, where one finds a parabolic distribution of the flow velocities

which the largest velocity at the center of the channel and zero velocity at the walls, in

elelctrokinetics, EOF is generated close to the wall and therefore, it produces a flat

profile with a very uniform velocity distribution across the entire cross-section of the

channel. Furthermore, EOF is pulse free and there is no back pressure (as there is with

mechanical pumps). The main problem arises from the strong dependence on the

chemical factors involved in the microsystems as the pH values. This dependency

makes electro-osmotic flow hard to control, since every change in pH, dielectric

constant or concentration, due to reactions or the mixing process, has an immediate

effect on the magnitude of the EOF. On the other hand, this strong dependency also

means that there are many parameters that can be exploited to control andmanipulate

the EOF. Furthermore, other mayor limitations are the high voltage and the electri-

cally conductive solution required.

Other liquid-transport strategy involves wettability change due to applied elec-

tric potential. In Electrowetting, discrete liquid droplets are manipulated in the

presence of programmed voltage sequences applied to an electrode array. By

applying sequences of AC or DC electric potentials between ground and actuation

Fig. 21.4 Formation of the double layer and generation of the Electro-osmotic flow (EOF).

Adapted from reference (5)
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electrodes, droplets of reagents or samples can be drive to move, to merge, to divide

and to dispense from reservoirs by combining electrostatic and dielectrophoresis

forces. In electrowetting, the fluid is transported using surface tension

(an interfacial force which dominates at microscale). Voltage is applied on the

dielectric layer, decreasing the interfacial energy of the solid and liquid surface,

which results in fluid flow. Thus, when applying the electric potential along the

interface of a liquid metal droplet in an electrolyte, charge redistribution occurs,

resulting in a gradient in surface tension at the interface, which causes movement of

the droplet to regions of lower surface tension. Switching the direction of the

applied potential also changes the direction motion.51–53

Passive forces that do not require external power sources to drive liquids have

been also reported for microfluidic devices. In these cases, only gravity and

capillary forces are used to drive fluidics within the microchannels.54

21.3.3 Sample Introduction

Inmicrofluidics, injection of small and well-defined amounts of sample solutions is a

key function. Introduction of samples to a microfluidic chip requires an interfacing

system between samples with volumes in the mL-μL range from the macro world,

and microfluidic systems handling volumes in the nL-pL range.5Without any doubt,

world-to-chip interfacing is considered a major challenge. In most cases, this

problem is brilliantly resolved using microchips, where electrokinetic fluid manip-

ulations allows aliquoting or injection function. This arrangement is mainly devoted

to microchip capillary electrophoresis where electrokinetic motion and injection is

well established. Three injection methodologies have been employed in MCE:

no-pinched, pinched, and gated injections, being the first one the easiest and most

widely used. As an example, the nonpinched approach will be briefly described.

As can be observed in Fig. 21.5, the microchip in CE design includes integrated

injectors which are usually either cross-channel pieces, formed by orthogonally

intersecting the separation channel with a channel connecting the sample to waste

(T injectors) or twin-T injectors, where the two arms of the sample-to-waste

channel are offset to form a large injector region. These performances allow

volume-defined electrokinetic sample injection of short injection plugs with repro-

ducibility. In the no-pinched approach, which is shown in Fig. 21.6, the principle

can be carried out using just a single power supply. A high voltage is applied to the

sample reservoir for a short time with the detection reservoir held at ground

(injection). Sample is introduced directly into the separation channel by electroki-

netic injection. After the injection is completed, the high voltage is switched back to

the buffer reservoir and the separation is initiated (run/separation). This injection

procedure becomes the easies but least reproducible scheme, although good relative

standard deviations (less than 5 %) are reported.

In lower extension, other approaches have been proposed such as micro and

nanodispensing, microrotary-injection valves, pressure injection. Fang et al.
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summarize the different possiblemodes of sample introduction formicrofluidic chips

where different integration and automation grades are reported.56

21.3.4 Separation

Analytical separation techniques play a prominent role in analytical science

since reliable analyses usually require their participation. Separation techniques

can be classified as those involved in the treatment of samples, the so-called

Fig. 21.5 Microchip layouts. From (5) reproduced by permission of John Wiley and Sons

Fig. 21.6 Schematics of pinched injection protocol. Arrows depict direction of flow of the sample

and separation buffers. Adapted from reference (55)
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nonchromatographic separation tehcniques (without instrumental detection) and

those involved in the detection of analytes after chromatographic or electrophoretic

separation. The implication of the first ones in the microfluidic domain has already

been studied above. Below, a brief introduction to miniaturization tendencies in

both chromatographic (HPLC chips) and electrophoretic separation (MCE) tech-

niques and their integration in microfluidic platforms will be presented.

The replacement of microcolumns by capillaries has led to the development of

very interesting modern alternatives in analytical separation science. Thus, capil-

lary liquid chromatographies (CLC), through so-called micro and nano-HPLC, and

capillary electrophoresis (CE), have introduced a true revolution in instrumental

separation techniques. However, despite the clear improvement and possibilities

these modes represent, miniaturization of the equipment as a whole is not truly

evident. Miniaturization affects many of the components and devices integrated in

the commercialized equipment, but the equipment itself is not considered minia-

turized at all. The true pass to miniaturization is given when chromatographic or

electrophoretic separations are carried out on chips.

In this sense, MCE was one of the earliest examples of μTAS, and it constitutes

one of the most representative examples of analytical microsystems.1 Using this

performance, analysis times can be reduced to seconds and extremely high separa-

tion efficiencies can be achieved. The easy microfabrication of a network of

channels using materials of well-known chemistry, and the possibility of using

the electrokinetic phenomena to move fluids are among the most important factors

to understand the relevance of CE microchips to miniaturization. Due to its

relevance, even in the environmental monitoring field, a wider description of the

foundations and specific examples on environmental MCE will be provided below.

Many of the benefits already discussed for micro-CE could equally be applied to

downsized chromatographic techniques. However, relatively few examples of chip-

based chromatographic instruments are covered in the literature compared with

chip-based CE devices, and most of them carried out nonelectrochemical detection

(mainly MS detection) which is out of the scope of this chapter. This fact is not

surprising since CE is almost perfectly suited to miniaturization. Also, the minia-

turization of chromatographic systems involves a number of technical challenges,

such as the microfabrication of valves and pumps, which are generally not encoun-

tered in MCE.5 Besides, hybrid methodologies with electrophoretic and chromato-

graphic foundations such as micellar electrokinetic chromatography (MEKC) and

capillary electrokinetic chromatography (CEC) provide a wide analytical potential.

21.3.5 Detection

From the beginning, detection has been one of the main challenges for analytical

microsystems, since very sensitive techniques are needed as a consequence of the

ultrasmall sample volumes used in micron-sized environments. In principle, a wide

variety of detection alternatives can beused inmicrofluidic systems, butLaser-Induced
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Fluorescence (LIF) and electrochemical detection (ED), are the routes most

commonly used. LIF was the original detection technique and it is the most

often used detection scheme because of its inherent sensitivity.57 However, the

high cost and the large size of the instrumental set-up for LIF are sometimes

incompatible with the concept of μTAS. In addition, tedious derivatization

schemes are needed to use LIF with nonfluorescent compounds. The principal

alternative to LIF detection is, without any doubt, ED. Electrochemical detection

is very important because presents the inherent ability for miniaturization without

loss of performance and its high compatibility with microfabrication techniques.

Likewise, it possesses high sensitivity, its responses are not dependent on the

optical path length or sample turbidity, and it has low power supply requirements

which are additional advantages.58–60

Amperometry, the simplest voltammetric technique, have been the most widely

used in electrochemical sensors. The data is provided as a current generated by an

electrode reaction. A three-electrode system consisting of a working electrode, a

reference, and an auxiliary electrode is the basic configuration. By applying the

desired potential to the working electrode with respect to the reference electrode,

the current is prompted to flow between the working electrode and the auxiliary to

be measured. The conditions are fixed to be the diffusion of the analyte to the

surface of the working electrode, which is the limiting factor. This way, the current

changes linearly with respect to analyte concentration. The miniaturization and

integration of this type of sensors is easily achieved by creating a three-electrode

system in the form of thin- or thick-film patterns.61,62 As the electrode diameter is

decreased into the low micrometer range, a shift to nonplanar diffusion occurs

(compared to planar diffusion in conventional macroelectrodes) causing an increase

in the collection efficiency of the electroactive species at the surface. The practical

result is an increase in the signal-to-noise ratio which generally translates into a

lower detection limit. The disadvantages are that the decreased current that accom-

panies miniaturization can require improved electronics/shielding for it to be

measured accurately, and that a stable reference electrode is necessary.63 The

combination of electrodes often seen in these microsensors is platinum used for

the working electrode, Ag/AgCl for the reference electrode, and a platinum auxil-

iary electrode. Depending on the purpose, other materials, such as gold, carbon,

iridium, or the use of nanoparticles such as CNTs or nanowires can be used for the

working electrode. The shape, size, and position of the electrodes are precisely

defined and this system can be formed in a network of microchannels. This

technique presents good detection limits but is restricted to electroactive analytes.

Selectivity is achieved through a judicious choice of the detection potential.

The coupling of electrochemical sensors onto microfluidic platforms can be

adapted from those previously reported for MCE. In this sense, and according to

the relative position between both working electrode—separation channel, the

configurations can be classified as: end-channel, in-channel and off-channel detec-
tion.64 This configuration is especially important in case of MCE since minimal

band broadening and electrical isolation (decoupling) from the high separation

voltage must be ensured. In end-channel detection, the electrode is placed just
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outside the separation channel. For in-channel detection, the electrode is placed

directly into the separation channel, and off-channel detection involves grounding

the driving voltage before it reaches the detector by means of a decoupler.

On the other hand, conductometric detection is a less sensible, but universal

detection technique that has been applied as a detection mode in CE-microchips and

microfluidic platforms in general. Conductometry can be, either in the galvanic

(a pair of electrodes is placed in the separation channel for liquid impedance

measurement) or the contactless mode (no contact between the pair of electrodes

and separation channel solution). Contactless detection (CCD) is preferred for

different reasons: (1) in case of MCE the electronic circuit is decoupled from the

high-voltage applied for separation (no direct DC coupling between the electronics

and the liquid in the channel), (2) the formation of glass bubbles at the metal

electrodes is prevented, and (3) electrochemical modification or degradation of the

electrode surface is prevented; (4) can be used with a wide range of background

electrolytes and can take place at any location along a channel.

21.4 Environmental Analysis on Board of Electrochemical

Microfluidic Platforms

It is clear that environmental monitoring is crucial to understand how the natural

processes occur and to implement and regulate existing directives concerning

chemical species in the environment. In this sense, the development of portable,

robust, and accurate analytical systems to monitor a plethora of environmental

compounds such as contaminants, explosives, chemical warfare agents, and inor-

ganic and organic ions is highly demanded. Portability is a key feature in environ-

mental analysis techniques, since allows analysis to be carried out outside of the

laboratory, preventing or minimizing the risk of contaminating the sample and

leading to a faster response time and lower cost. The ability to use portable

equipment is an intrinsic characteristic of microfluidic systems, giving response

to this analytical demand. Furthermore, the special needs for sample introduction,

complexity of the sample matrix, low concentration of the chemical species;

together with the necessity of real-time measurements in the field (in a large

quantity and quality), and in autonomous, robust, and self-sufficient manner, are

additional challenges of using microfluidic devices for environmental analysis.

Excellent reviews have been reported about microfluidic devices and its applica-

tions on environmental monitoring.15,45,65–67

Remarkable developments on microfluidic devices have been made over the last

decade and a promising future for this technology is expected. Furthermore, new

electrochemical techniques for microfluidic applications have been presented over

the last few years. The detection of single or multiple analytes on the same device

making use of different electrochemical techniques (amperometric, potentiometric,

conductimetric, or electrochemiluminiscence); microfluidic transport based on
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electrokinetic flow, electrowetting, or the volume change of bubbles; together with

the broad extended CE microchip separations are some of the most relevant

approaches applied to microfluidic platforms.

The accurate measurement of a specific compound in a complex matrix, that is

known as one of the oldest and most important challenges in analytical chemistry,

can be carried out by following two main approaches: (1) improving selectivity

toward the detection system by using selective (bio)sensors, or (2) improving

selectivity toward separation systems with nonspecific detectors coupled after the

separation of sample mixture. In this section, according to this principle, an

overview of the utilization of microfluidic platforms with electrochemical detection

for environmental analysis will be presented. First, selected examples of those

microfluidic platforms used as separation systems will be reported, followed by

the implementation of (bio)sensors in microfluidic platforms for the analysis of

species of environmental interest.

21.4.1 Microfluidic Platforms as Separation Systems

Both chromatography and electrophoresis separation techniques are implemented

in analytical microdevices. However, without any doubt, microchip capillary elec-

trophoresis is still the most used method within microfluidic platforms for environ-

mental analysis.68 In this section, an overview of the fundamentals and applications

of CE microchips to environmental analysis will be presented and, in lower

extension, some aspects related to electrochromatography and HPLC on chip.

21.4.1.1 Microchip Electrophoresis

Different parts constitute a CE microchip: injector (where a sample plug is critically

loaded), separation microchannels (where electrophoretic separation of analytes is

performed) reservoirs (where different solutions/samples are deposited). Once all

solutions, including those of the samples, are loaded, the samples are typically

transferred into an injector region. Then their components are separated by appli-

cation of high voltage and afterwards detected.

Microchip platform (monolithic approach) eliminates the necessity of most

fluidic connections that otherwise link microfluidic components. Avoiding such

connections greatly reduces sample dispersion, delay times, and dead volumes

between the different microchip compartments, and therefore, significantly increas-

ing the separation power of such integrated miniaturized systems.

The typical layout of a microchip electrophoresis (both a simple cross T-injector

(A), and a twin-T injector (B)) has been already depicted in Fig. 21.5. It has a

network of channels with widths varying from 10 to 100 μm with typical straight

separation channels between 3 and 10 cm. In a typical set-up, buffer solutions are

introduced on sample (S), running buffer (RB), and waste (W) reservoirs. The
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reservoir volume is often defined by their capacities (100–250 μL). Electric fields

are applied to the reservoirs by high voltage power supplies (1–5 kV), and platinum

electrodes are placed in the reservoirs for injection and separation because samples

are normally electrokinetically driven into the network channels.

Capillary zone electrophoresis (CZE) is the most commonly used separation

mode in CE microchip due to its versatility, ease of operation, and separation

power. This electrophoretic mode is based on the theory and mechanism of action

directly transferred from the conventional CE. In CZE the channel contains only a

buffered medium and the electrophoretic mobilities of the analytes depend on their

charge/mass ratio, acting as separation mechanism. These different velocities make

possible to separate cations and anions if the EOF is strong, in order to lead anionic

substances to the detector located usually at the cathode. It has the limitation of

being useful only for separation of charged species.

Most of the key features of MCE are common for the different types of

microfluidic platforms. Thus, very fast analysis without loss of performance (high

efficiency), the possibility of performing several assays simultaneously

(parallelization of analysis), very low sample consumption and waste generation,

sometime low cost due to the use of inexpensive materials (plastics) in single-use

microsystems (disposability), integration of the different analytical steps are among

the most attractive characteristics. Some selected examples of environmental anal-

ysis are discussed.

Wang and coworkers have developed a method for determining thiol-containing

degradation products of V-type nerve agents in water samples.69 The detection of

three of these compounds was achieved in only 4 min in a water sample spiked with

its corresponding standards. The microsystem consists of a glass capillary electro-

phoresis microchip with amperometric detection (screen-printed carbon ink elec-

trode). A derivatization of the compounds with o-phthaldialdehyde was necessary,
which was developed both on- and off-chip. When the process was performed on-
chip, the complete reaction between derivatization agent and compounds was not

achieved, resulting in decreased sensitivity. With the same microsystem,70 three

organophosphate nerve agents were detected in 140 s from a river water sample

spiked with those analytes. In both cases, the LODs were in micromolar range, but

this seems to be insufficient for real applications. Better LODs were obtained by the

same research group using contactless conductivity as its detection mode.71 A

detection limit within the nanomolar range was achieved for the determination of

three organophosphonate nerve agent degradation products from a river water

sample (spiked with standards). In this work, a disposable PMMA microchip with

integrated electrodes was used with excellent results (analysis time 130 s).

Wang and coworkers have also separated and detected three different groups of

pollutants (nitrophenols, aromatic amines, and chlorophenols) by capillary electro-

phoresis on a glass microchip with amperometric detection using river and ground-

water samples. In this case, the detected compounds were previously added. Five

nitrophenol derivates were detected in 120 s with a glassy carbon electrode,72 three

aromatic amines (4-aminophenol, 2-aminonaphthalene, and o-aminobenzoic acid)

in 150 s with a boron-doped diamond thin-film detector,73 and phenol and three
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chlorophenols in 120 s with a carbon SPE modified with gold.74 In these papers, the

LODs were within the micromolar range and accuracy was not evaluated. The

samples were filtered before the analysis.

Hilmi et al.75 demonstrated a CE chip with direct amperometric detection for

five nitroaromatic explosives, including trinitrotoluene (TNT), in ground water and

soil extracts. The microfluidic device achieved rapid separation and detection of

explosive compounds with LODs of 100–200 μg/L.
Also using amperometric detection, Chen, et al.76,77 developed a three-

dimensionally adjustable amperometric detector for MCE and applied to separate

aromatic amines and nitroaromatic pollutants. Amperometry, and related pulse

amperometric detection modes, are very attractive because provide enhanced

selectivity related to conductimetric detection.

Garcia et al. obtained good results in their analysis of environmental samples

using a PDMS microchip with pulse amperometric detection (PAD). Levoglucosan

(the largest single component of the water extractable organics in smoke particles)

was determined in smoke particles in only 1 min.78 The results obtained with this

method are in accordance with those obtained with GC/MS. The aerosol particles

were collected and extracted off-chip and off-line. The LOD achieved (17 μM) was

adequate for the analysis of smoke samples but insufficient for atmospheric sam-

ples. In another paper from the same group,79 three of the most important pollutants

(phenol, 4,6-dinitro-o-cresol, and pentachlorophenol) were detected in a city water

sample spiked with the corresponding standards. The LODs were within the

micromolar range and accuracy was evaluated by determining phenol in two

medicines with labeled content. Sample treatment was not necessary.

In the work of Ha et al.,80 a MCE for monitoring endocrine disrupting species

was used with amperometric detection. Thin film electrodes fabricated from Prus-

sian Blue-modified indium tin oxide were incorporated into a serpentine

microchannel configuration. Four endocrine disruptors were separated and detected

in 2 min with LOD of 59 nM.

Conductivity detection is also used, both in contact and contactless mode, in

microchip electrophoresis. As previously commented, some advantages of this

technique are the simplification in the construction of the device, avoiding the

electrode fouling and high sensitivity. Bodor et al. have determined three anions

(NO2
�, F�, PO4

3�) in river, tap, and mineral water on a PMMA column-coupling

microchip with conductivity detection.81 The microchip consists of two coupled

columns: The first is used as an isotachophoresis (ITP) column and the second as a

CZE column. In the ITP stage, the sample was preconcentrated and cleaned up and,

in the CZE stage, the anions were separated. Minimal sample treatment off-chip
was needed (filtration and degassing). LODs were within the micromolar range and

the accuracy of the method was not evaluated.

Isotachophoresis was also utilized by Prest et al. with a PMMA microfluidic

device coupled to conductimetric detection, for both selenium and arsenic species

obtaining good LODs.82,83

Tanyayiwa et al.84 also used contactless conductimetric detection utilizing

external electrodes independent from the electrophoretic separation part of the
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device. This microfluidic device was used for multi-analysis of small inorganic and

organic ions with LODs in the micromolar range.

Recently, Liu et al. developed a MCE with contactless detection for inorganics

ions and heavy metals.85 Using this device, an average LOD of 0.4 μM for

inorganics cations in water was obtained.

In the work of Rogers and Ding,86 a MCE method for the determination of

holacetic acids using contactless CD was used. In this case, an off-chip solid-phase

extraction step was implemented prior to MCE analysis. These products, a class of

disinfectant by-products generated during the water chlorination treatment process,

were determined in swimming pool water with LODs ranging from 38 to 500 ppb.

Besides, Pumera et al.87 used of contactless conductivity detection for a PMMA

microchip CE device. Separation of potassium, sodium, barium and lithium cations

and chloride, sulfate, fluoride, acetate, and phosphate anions was achieved, pro-

ducing LODs of 2.8 μmol/L for potassium and 6.4 μmol/L for chloride. In a similar

way, this detection technique was also used by Lichtenberg et al.88 for a glass

microchip CE device. Potassium, sodium, and lithium cations were separated using

the device, producing an LOD of 18 μmol/L for potassium. In order to improve this

LOD, sample-preconcentration by field-amplified sample stacking (FASS) was

suggested as a method to make the LOD comparable with other contact conductiv-

ity detection methods previously reported. The differences in LODs are attributed

to the difference in geometrical parameters of the electrodes used in the device

manifold.

21.4.1.2 Electrokinetic Chromatography

On the other hand, electrokinetic chromatography has also been transferred to

microchip format. Micellar electrokinetic chromatography (MEKC) is character-

ized by the use of micelles as pseudo phase. Micelles are aggregates that are formed

by adding the surfactants to the separation buffer at a concentration above their

critic micellar concentration. Ionic surfactants form micelles that move at a differ-

ent velocity to the EOF. In this case, the separation of neutral molecules is produced

by their distribution between the aqueous and the micellar phases. When the

micellar phase moves to the detector, the elution range is between the time

corresponding to EOF and the migration time of the micelles, and all analytes

will migrate between these two limits depending on their distribution between the

two phases.

Luong et al. were able to determine trinitrotoluene, 2,4-dinitrotoluene, and

2,6-dinitrotoluene in soil and groundwater samples by MEKC-EC on a glass

microchip and using a gold wire as electrode.89 The analysis time was 4 min and

LODs were below the micromolar range. The accuracy of the method was validated

by comparison with the LC procedure of the US EPA (method 8330). For the soil

sample, an extraction step off-chip was necessary.

Gertsch et al.90 reported a MCE with contact conductivity detection for the

determination of perchlorate in water at the ppb level. Separation of this compound
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from competing anions in drinking water was achieved using a micellar

pseudostatinary phase containing a zwitterionic surfactant to selectively retain

perchlorate. Using this method a total analysis time of 60 s and a LOD of 5.6 ppb

in drinking water was obtained.

21.4.1.3 Microchip HPLC

HPLC in Lab-on-a-chip includes the integration of individual operations such as

reaction, preconcentration, separation, and the corresponding detection into mass-

produced and low-cost device development. This methodology is of particular

interest for the on-line coupling to mass spectrometry analysis, because of its

compatibility with the flow-rate requirements of a nano-electrospray interface.

However, few examples are reported with electrochemical detection. A. Ishida

et al.91 have developed a microchip for reversed phase LC using porous monolithic

silica. The chip layout consists of a double T-shaped injector and a 40 cm separation

channel in a serpentine configuration. The microchip is constructed in glass with

overall dimensions of 35 mm� 35 mm. The molotithic stationary phase is created

by introducing reactant solutions by syringes. By other hand, different valves

connected to syringes allow the introduction of the mobile phase and sample. The

end of the separation channel is connected to an electrochemical detector using

conventional amperometric detection. Different catechin compounds can be sepa-

rated with good resolution, although long analysis times are required.

21.4.2 Microfluidic Platforms for Electrochemical Sensing

Microfluidic platforms can be considered as an ideal tool for electrochemical

sensing. One of the main reasons lies in is capability to perform microscale flow-

injection analysis.92,93 This concept includes electrokinetic or hydrodymanic injec-

tion, pumping, and analyte detection using the microfluidic platform as a microchip

format to prevent interconnections and dead volumes. This approach is clearly

advantageous since it allows accurate, ultrasmall sample volumes (loop-size vari-

able) to be introduced and has accurate fluid-control and manipulation capabilities.

Fluidic manipulation in conjunction with the high compatibility of ED with

microfabrication techniques is crucial to understand the next step towards new

designs for electrochemical sensors based on microfluidic chips. In consequence, at

this stage, we need to realize that sensor platforms are the new approach to

understanding the classic view of sensors: a more complicated layout of channels

where fluidic motion is produced and where detection systems are also integrated.

The history of miniaturizing bio/chemical sensors is over 30 years old, as is

represented by the development of ion-sensitive field-effect transistors

(ISFETs).94,95 Stimulated by the current trend of μTAS and lab-on-a-chip technol-

ogies, they are currently being incorporated in microfluidic systems for the
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realization of highly sophisticated systems.96–98 However, as we have already

mentioned before, the miniaturization of microfluidic devices depends on

micromachining technology. The integration of different components such as

pumps and valves on a chip is possible but tends to be complicated. In conducting

highly sophisticated microsystems, electrochemical principles provide more real-

istic solutions.99 As previously stated for MCE, basic structures used in

microfabricated electrochemical devices are patterns of electrodes formed using

thin- or thick-film processes. Therefore, the structure and function of each compo-

nent can be made very simple. Moreover, microfabrication makes batch fabrication

possible, simultaneously reducing costs.

As in the case of large-scale bio/chemical sensors, different classifications

according to multiple criteria can be used. The most common way to group sensors

is to consider their transducing mechanism (electrical, optical, mass, thermal,

piezoelectric, etc.), and their recognition principle (enzymatic, DNA, molecular

recognition, etc.). Although the volume of published works is not as extensive as in

the case of microchip capillary electrophoresis, an overview of electrochemical

microfluidic platforms for sensing in environmental analysis is reported. They will

be classified depending on the nature of the biological molecule and selected

examples will be described from different approaches such as the use of antibodies,

enzymes, DNA, or directly chemical sensors.

21.4.2.1 Microfluidic Immunosensors

Immunological methods make use of antibodies as analytical tool for detecting a

plethora of clinical, environmental, and food-relevant analytes. The special features

that had made immunoassay widely increased in the last decades are the highly

sensitivity and specificity of the antibody-antigen interaction. Although enzyme-

linked immunosorbent assay (ELISA), currently performed in microtiter plates is

the most common technique, a variety of assay types can be performed depending

of the analytes or samples.

Combination of both techniques explodes the selectivity and sensitivity from

immunoassays with the remarkable features from microfluidic platforms.

Microfluidic immunosensors make use of a network of microchannels and/or

immunoreactor chambers usually built in a monolithic platform with part or all

the necessary components for immunoassay procedures.

Some of the features that make microfluidic platforms especially suitable for

immunoassays are described next:

1. Firstly, the long-time associated to incubation in normal immunoassay can be

attributed to the inefficient mass transport for the immunoreagents to move from

the bulk solution to the wall surface where interaction takes places. In

microchannels, the surface area to volume ratio is higher and that makes the

diffusional distances dramatically reduced and produces lower analysis times.

21 Sensors and Lab-on-a-Chip 639



2. Furthermore, the miniaturization reduces drastically the consumption of the

expensive reagents as well as those special samples.

3. Procedures can be automated, since different steps and fluid movement can be

easily controlled, especially with electrokinetic fluidic motion, through the

control of applied electric fields, or in a more complicated ways (e.g., using

pumps, valves, and mixers).

All these advantages have made microfluidic immunoassays platforms as emer-

gent, powerful option for the analysis of a broad variety of analytes in different

fields. Although still it is in its infancy, microfluidic immunosensors reveal as very

promising tool in environmental applications. For supplementary information, the

reader is guided to excellent review articles.7,63,100–103

Electrochemical microfluidics immunoassay can be conducted either in homoge-

neous and heterogeneous configurations. In homogeneous assays, both unbound

antibody and antigen–antibody complex are freely placed in the solution. Discrim-

ination of both species in microfluidic devices is usually accomplished by their

electrophoretic mobility differences in microchannels. In heterogeneous assays,

either antibody or antigen are immobilized on a solid surface and a separation step

is performed to isolate the desired analyte from any other potential interferences.

Heterogeneous assays benefit from the high surface area/volume ratio that rend

higher sensitivity while homogeneous format take advantage from the possibility

of multiplexing format and fast electrophoretic separations Heterogenous immuno-

assays are predominantly used in microfluidics and different strategies have been

implemented based onwhere the antibodies are immobilized: onmicrochannel walls,

on microbeads, or on the electrode surfaces positioned within the microchannels.

The use of microbeads as immobilization support entails some advantages such

as the surface to volume ratio is highly increased even in comparison with

microchannel wall surface immobilization. When the beads are dispersed, diffusion

distances are reduced and the higher efficiency of interactions between samples and

reagents rend better sensitivity. Furthermore, the antibodies or antigens attached

onto the beads can be easily transported in a fluidic system. A highly control of the

antibody load into the channel and fast replacement of the beads between assays are

added benefits. By other hand, the high variability of surface modification available

on these microbeads introduces multiple functionalities to a single microfluidic

design. However, microbeads have the risk of adsorbing to channels and electrodes,

clogging channels, or increasing the flow resistance.

When beads are magnetics, the main advantage comes from its easy manipula-

tion by magnetic fields. This fact eliminates the need for physical retention micro-

structures allowing the beads to be immobilized and released at different stages and

desired areas of the assay. In the work of Martinez et al.104 a microfluidic immu-

noassay (ELISA) for rapid and sensitive quantification of ethinylestadiol (EE2) in

river water samples was developed. The assay was conducted by immobilization of

the specific antibodies onto the surface of magnetic particles. These modified beads

were allowed to react with the samples outside of the microfluidic devices before

injection and retention in the channel for subsequent assay steps. Electrochemical
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detection was performed on the surface of a gold electrode within the channel. The

total assay time was 30 min and the LOD of 0.09 ng/L.

Another possibility to immobilize the antibodies implies their direct attach onto

electrode surfaces usually located as the walls of the microchannels. Different

substrates can be used as electrode material. However, carbon derivatives, platinum,

and mainly gold are the most used in microfluidic devices. An interesting possibility

to immobilize biomolecules on the gold electrode surfaces within microchannels is

through the use of monolayer of poly dendrimers. In the work or Park et al.105,106 the

antigen 2,4-dinitrophenylacetic acid (DNP) modified surface is constructed onto a

gold electrode for microfluidic immunosensing of anti DNP antibodies. In a first

step, an amine-reactive SAM is produced where a poly(amidoamine) G4 dendrimer

is attached. Subsequently, a succinimidyl ester of DNP is allowed to react.

N-Hydroxysuccinimide (NHS) groups, which located at the end of activated-DNP,

react with the plenty of amine groups on the dendrimer for its immobilization. As a

proof of concept of this microfluidic device, GOX tagged anti-DNP antibodies were

used as analyte. After loading the sample into the reaction channel and interaction

with the antigen-functionalized electrodes, the electrochemical signal was produced

by the GOX enzyme using ferrocennemethanol as the electron mediator and glucose

as the substrate. This work is also an example where the transport of multiple liquids

is performed without any external equipment. The hydraulic pressure caused by the

elastic deformation of the liquid reservoir can be used as the driving force to transfer

the multiple liquids into the device. This is achieved using elastic PDMS cover caps

with a reversedmushroom-shaped locking component to retain the internal pressure,

which acts as the latch.106

21.4.2.2 Microfluidic Enzyme-Sensors

Enzymes have also been used as selective biorecognition elements to determine a

specific substrate in environmental microfluidic biosensors. Amperometric biosen-

sors, which have proven to have great potential since the 1980s, can be incorporated

into microfluidic devices transferring their benefits to lower dimension devices.

Exploiting the benefits of using magnetic beads as immobilization support for

biological material, Llopis et al.107 presented a microfluidic biosensor for

carbofuran determination. The pesticide was determined in a microfluidic system

by means of the enzymatic inhibition of acetylcholinesterase immobilized on

magnetic beads. The enzyme, coupled to magnetic beads, is immobilized in the

capture region of a single cross-microfluidic device with the aid of a magnetic field.

The presence of the pesticide inhibits the enzyme activity; hence, a smaller amount

of thiocholine, which is the electrochemically active product of catalyzed hydroly-

sis when acetylcholinesterase is used as the substrate, can be amperometrically

detected on the surface of a platinum disk working electrode with off-channel

configuration. Easy renewal of the biosensing material after each determination

can be accomplished with highly reproducible leading sensitivity and a stable

response to the pesticide.
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Analogous strategy for this type of integrated microfluidic enzyme-biosensors is

presented by Monty et al.108 A dual microchannel device with a gas-liquid interface

is used as an amperometric biosensor to determine organophosphate chemicals

based on acetylcholinesterase inhibition. Rapid diffusion of the vapor sample into

the liquid microchannel where the enzyme is immobilized allows pesticides to be

detected with a lower detection limit and shorter detection time. The electrochem-

ical cell is constructed by using a nanoporous polycarbonate membrane which is

used to separate both the gas and the liquid microchannels, and where a thick

sputtered gold layer acts as the working and counter electrodes. A conventional

Ag/AgCl reference electrode is immersed in a small vial which is electrokinetically

connected to the liquid microchannel.

In another example, Chikkaveeraiah et al.109 developed a single microfluidic

device for the determination of hydrogen peroxide at nanomolar concentrations.

The design, based on a single microfluidic channel, incorporates a biocatalytic

sensing electrode, an Ag/AgCl reference and Pt wire counter electrodes. The

sensing electrode was a gold wire coated with 5 nm glutathione-decorated gold

nanoparticles, and horseradish peroxidase was covalently linked to the glutathione

nanoparticles. Detection of H2O2 based on direct bioelectrocatalysis using HRP

was performed with high sensitivity, and an unprecedented detection limit was

obtained for an unmediated enzyme electrode.

21.4.2.3 Microfluidic DNA-Sensors

Despite the great and well-known advantages of miniaturization, today an ideal

sensor platform is required to not only be miniaturized and cost-efficient but also

capable to simultaneously detect multiple analytes. Most likely, DNA analysis is

the area in which multiplexed devices are most extensively applied, mainly based

on the concept of DNA microarrays or DNA chips and usually associated to the

microfabrication of diagnostic kits by screen-printed technology.

DNA biosensors such as conventional DNA microarrays make use of sequence-

specific DNA detection. They consist of an immobilized DNA strand to detect the

complimentary sequences by DNA-DNA hybridization. The newly developed “lab

on a chip” concept is essentially an adaptation of DNA chips to content channels

and chambers for flowing liquids, thus avoiding its limitations. They integrate, on a

single chip, modules for DNA extraction, purification, amplification, and detection,

most of them using microfluidic capillary electrophoresis devices.22

One of the main applications of microfluidic DNA-sensing platforms on envi-

ronmental analysis lies on its utilization as high-throughput systems for the rapid

detection of nucleic acids that identify specific bacterial pathogens. Nowadays, a

serious attention is needed in the evaluation of microbial cells in water, soil, and

environment. These platforms are feasible to incorporate all the functional compo-

nents of a macro-scale instrument into the restricted spatial domains of a

microchannel for the identification of pathogens within minutes with a single-cell

sensitivity level.110,111
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As an example of this methodology, Nugen et al.112 reported an

electrochemical magnetic genosensor to determine mRNA amplified sequences

from Cryptosporidium parvum. This is protozoal infectious agent that can

be found in contaminated water. A sandwich hybridization assay with capture

probe-coated paramagnetic beads and tagged liposomes entrapped with potassium

ferro/ferrihexacyanide is used for amperometric detection in a gold interdigitated

ultramicroelectrode array (IDUA). The assay is performed in the chamber of a

single microchannel and, after hybridization, magnetic beads are retained on the

IDUA where liposomal amplification is used for electrochemical detection.

21.4.2.4 Microfluidic Chemical Sensors

Direct voltammetric and potentiometric detection of various analytes of environ-

mental interest have also been reported in microfluidic devices.

A miniaturized sensor for heavy-metal ions consisting of a nontoxic bismuth

working electrode, an integrated Ag/AgCl reference electrode, and a gold counter

electrode, has been proposed by Zou et al.113 Pb(II) and Cd(II) are positioned in a

microchamber of 4.5 μL in which a planar array of multiple sensors can be located

for multiple measurements using different sensor son one chip (Fig. 21.7).

Fig. 21.7 Device pictures: (a) the entire chip including the sensor array and the microfluidic

channels, (b) the magnified picture of the 3-electrode sensor, and (c) the customized detection

circuits along with the chip. From (113) reproduced by permission of Elsevier
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Anodic stripping voltammetry is used to determine various heavy-metal ions in situ

without the undesirable presence of Hg. This group also presents a similar device

for continuous and on-site heavy metal monitoring (Pb(II)).114 This polymer lab

chip sensor allows 43 consecutive measurements in nondeoxygenating standard

solutions inside the microchannels using square-wave anodic stripping

voltammetry. Pb concentrations range 1–1,000 ppb with a LOD of 0.55 ppb and

300 s deposition time.

In another work from the same group,115 an on-chip dual pH and nitrate

ion-selective sensor chip has been realized using self-assembly nanobead-packed

hetero columns, which provides an easy sample loading with hydrophilic silica

nanobead-packed column and an ion-selective sensor with hydrophobic PS

nanobeads, respectively. The nanobead-packed hetero columns provide a new

electrochemical sensing platform with a high sensitivity and excellent ion selectiv-

ity with easy sampling for environmental monitoring. The potentiometric response

of the nitrate ion-selective sensor chip was linear with a Nernstian slope of�61.369

(mV decade�1) within the NO3
� concentration range of 10�5–10�1. The response

times of the pH and nitrate sensors were less than 5 s and 7 s, respectively.

Masadome et al.116 developed a microfluidic polymer chip containing a nitrate

ion-selective electrode for determination of nitrate ion in environmental water

samples such as tap water, well-water, and water for agricultural use. The electrode

is based on tetradodecylammonium bromide as an anion exchanger. Using

Na+�ISE as reference electrode, the detector showed an almost Nernstian response

to nitrate ion over a concentration range between 1.0� 10�5 and 1.0� 10�1 M,

with an anionic slope of �54.3� 1.3 mV/decade.

A nitrate sensor has been also reported by Kim et al..117 This sensor uses a

simple electrochemical system composed of a silver sensing electrode, a silver

oxide reference electrode, and a platinum counter electrode in 0.01 M NaOH

concentrically distributed electrolyte. These micro-electrodes are microfabricated

on a silicon substrate, providing an electrochemical microcell ion which a single

microfluidic channel is used to deliver the reagents. Nitrate concentration is

detected using double-potential step chronocoulometry in which the current

accrued from nitrate reduction to nitrite is integrated.

21.5 Conclusions and Future Trends

Microfluidic platforms can be considered as an emergent and new approach for high

selective and sensitivity sensing. Within these devices, planar monolithic microchip

format is the most common arrangement. Also electrochemical detection, due to its

inherent miniaturization and high compatibility with microfabrication techniques,

appears as natural detection principle in these platforms. This detection principle is

not expensive and compatible with the disposability of microfluidic platforms after

its use. Although both electrokinetic and hydrodynamic flows are performed in

microfluidic platforms, the first approach is clearly dominant in miniaturized
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analytical separation science (i.e. Capillary electrophoresis microchip technology).

However, when microfluidics is used as new platform sensing, hydrodynamic

approach is also widely used. The probable reason is because hydrodynamic

pumping is more reproducible, and since no separation is strictly required; the

high efficiency separation given by electrophoretic approaches is not needed.

However, electrokinetics has a prominent and unique role in microfluidoc platforms

because of flow in multiple channels on a microchip can be easily controlled with a

few electrodes.

Although a growing number of articles recognize the utility of microfluidic

platforms for environmental analysis, some challenges must be achieved. Even

though, a revolution in technology and microfabrication techniques takes places,

integration of components into complete and functional systems, small and thus

potentially portable, and simple to be used by nonexperts are features required.

Especially in environmental samples, it is clearly showed the enormous difficulties

that the analysis of real samples presents on a microscale. Important efforts have to

be done in handling complex and highly variable sample matrices integrating

sample treatment on microfluidic devices, the possibility to operate for days to

months in the field, or improving sensitivity and selectivity through the use of

ultrasensitive detectors. Moreover, additional efforts have to be made towards the

validation of the methods to demonstrate the reliability of microfluidic systems.

No doubt exists that performing novel ultrasensitive detection routes, new

devices materials, and systematically using smart bioreactives and nanotechnology

are the keys to defining the success and incorporation of microfluidic devices in

environmental analysis.
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93. Crevillén AG, Pumera M, González MC, Escarpa A (2009) Microfluidic chips with electro-

chemical detectors based on multiwalled carbon nanotubes as flow injection and separation

electrokinetic driven systems. Lab Chip 9:346–353

94. Janata J (1990) Potentiometric microsensors. Chem Rev 90:691–703

95. Bergveld P (2003) Thirty years of ISFETOLOGY – what happened in the past 30 years and

what may happen in the next 30 years? Sens Actuat B 88:1–20

96. Wang J (2002) Electrochemical nucleic acid biosensors. Trends Anal Chem 21:226–232

21 Sensors and Lab-on-a-Chip 649



97. Wang J (2006) Electrochemical biosensors: towards point-of-care cancer diagnostics.

Biosens Bioelectron 21:1887–1892

98. Nyholm L (2005) Electrochemical techniques for lab-on-a-chip applications. Analyst

130:599–605

99. Sassa F, Morimoto K, SatohW, Suzuki H (2008) Electrochemical techniques for microfluidic

applications. Electrophoresis 29:1787–1800

100. Lim CT, Zhang Y (2007) Bead-based microfluidic immunoassays: the next generation.

Biosens Bioelectron 22:1197–1204

101. Henares TG, Mizutani F, Hisamoto H (2008) Current development in microfluidic

immunosensing chip. Anal Chim Acta 611:17–30

102. Lin C, Wang JH, Wu HW, Lee GB (2010) Microfluidic immunoassays. J Assoc Lab Automat

15:253–274

103. Ng AHC, Uddayasankar U, Wheeler AR (2010) Immunoassays in microfluidic systems. Anal

Bioanal Chem 397:991–1007

104. Martı́ınez NA, Schneider RJ, Messina GA, Raba J (2010) Modified paramagnetic beads in a

microfluidic system for the determination of ethinylestradiol (EE2) in river water samples.

Biosens Bioelectron 25:1376–1381

105. Park SW, Lee JH, Yoon HC, Kim BW, Sim SJ, Chae H, Yang SS (2008) Fabrication and

testing of a PDMS multi-stacked hand-operated LOC for use in portable immunosensing

systems. Biomed Microdevices 10:859–868

106. Park SW, Lee JH, Kim K, Yoon HC, Yang SS (2009) An electrochemical immunosensing

lab-on-a-chip integrated with latch mechanism for hand operation. J Micromech Microeng

19:025024

107. Llopis X, Pumera M, Alegret S, Merkoci A (2009) Lab-on-a-chip for ultrasensitive detection

of carbofuran by enzymatic inhibition with replacement of enzyme using magnetic beads.

Lab Chip 9:213–218

108. Monty CN, Oh I, Masel RI (2008) Enzyme-based electrochemical multiphase microreactor

for detection of trace toxic vapors. IEEE Sensors J 8:580–586

109. Chikkaveeraiah BV, Liu H, Mani V, Papadimitrakopoulus F, Rusling JF (2009)

A microfluidic electrochemical device for high sensitivity biosensing: detection of nanomolar

hydrogen peroxide. Electrochem Commun 11:819–822

110. Teles FRR, Fonseca LP (2008) Trends in DNA biosensors. Talanta 77:606–623

111. Dutse SW, Yusof NA (2011) Microfluidic-based lab-on-a-chip systems in DNA-based

biosensing: an overview. Sensors 11:5754–5768

112. Nugen SR, Asiello PJ, Connelly JT, Baeumner AJ (2009) PMMA biosensor for nucleic acids

with integrated mixer and electrochemical detection. Biosens Bioelectron 24:2428–2433

113. Zou Z, Jang A, Macknight E, Wu PM, Do J, Bishop PL PL, Ahn CH (2008) Environmentally

friendly disposable sensors with microfabricated on-chip planar bismuth electrode for in situ
heavy metal ions measurements. Sens Actuators B 134:18–24

114. Jung W, Jang A, Bishop P, Ahn CH (2011) A polymer lab chip sensor with microfabricated

planar silver electrode for continuous and on-site heavy metal measurement. Sens Actuat

B 155:145–153

115. Jang A, Zou Z, Lee KK, Ahn CH, Bishop P (2010) Potentiometric and voltammetric polymer

lab chip sensor for determination of nitrate, pH and Cd(ii) in water. Talanta 83:1–8

116. Masadome T, Nakamura K, Iijima D, Horiuchi O, Tossanaitada B, Wakida S, Imato T (2010)

Microfluidic polymer chip with an embedded ion-selective electrode detector for nitrate-ion

assay in environmental samples. Anal Sci 26:417–423

117. Kim D, Goldberg IB, Judy JW (2009) Microfabricated electrochemical nitrate sensor using

double-potential-step chronocoulometry. Sens Actuat B 135:618–624

650 A. Escarpa and M.A. López



Chapter 22

Electronic Noses

Corrado Di Natale

22.1 Introduction

The investigation of olfaction physiology progressed considerably in the last

decades improving the understanding of olfactory receptors mechanisms and

explaining the sensitivity to volatile compounds. In 2004, the identification of the

genetic repertoire expressing the olfactory receptors has been awarded with the

Nobel prize.1 More recent studies begin also to unveil the signal pathways leading

from the generation of olfactory neuron signal to the cognitive identification of the

odours.2 Nonetheless, olfaction is still considered as the most mysterious of the

natural senses basically because of its strong association with unconscious percep-

tions at which corresponds an unusual scarcity of semantic expressions limiting the

communication of olfactory experiences. With respect to other senses (vision,

hearing, and touch), for which technological correspondent exists since more than

one century, the attempts to endow artificial systems with odour recognition

features have been thwarted for a long time.

The most important element of an artificial olfaction system is the ensemble of

sensors translating the primary stimuli into a measurable signal, usually electric.

Attempts to relate the signal of sensors to olfaction sensations episodically

appeared in the 1960s.3,4 But the advent of artificial olfaction is associated to the

development of solid-state gas sensors and interestingly it involves a sensors feature

that has been traditionally considered as a negative property of these devices.

Indeed, most of the solid-state sensors developed since the 1970s are intrinsi-

cally non-selective, making them unsuitable for analytical purposes. The

non-selectivity of chemical sensors were considered as one of the main problems

limiting their diffusion for practical applications. Nonetheless, physiological inves-

tigations about olfaction receptors show that Nature strategy for odour recognition
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is completely different from the analytical approach. Receptors were found to be

rather unselective, namely each receptor senses several kinds of molecules and each

molecule is sensed by many receptors.5 This behaviour was first found in amphib-

ians6 and then in insect7 and mammals.8 Following this discovery, it was proposed

that arrays of non-selective chemical sensors might show properties similar to that

of natural olfaction.9 On the basis of this conjecture, the development of artificial

olfaction became possible. Such systems were dubbed as “electronic noses”, and

this denomination is currently given to any array of unselective chemical sensor

coupled with some multicomponent classifier. Since the 1980s almost all sensor

technologies were used to assemble electronic noses. Odour classification proper-

ties of artificial systems were tested on several different fields proving that elec-

tronic noses could be in principle used to replace human olfaction in practical

applications such as food quality and medical diagnosis.10 The research on elec-

tronic nose has been rapidly growing and it moved from development of sensor

systems to diverse subject areas. A search on Scopus database with the keyword

“electronic nose” returned 2,864 documents whose time distribution of papers is

shown in Fig. 22.1.

22.2 Introduction to Chemical Sensors

A sensor is an electronic device whose parameters depend on some external

quantity of whatever nature.11 As an example, according to this definition there

are resistors whose resistance is a function of external temperature (thermistors) or

Fig. 22.1 Time distribution

of papers identified with the

keyword “electronic nose”

in the Scopus database
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diodes whose current–voltage relationship is strongly altered once they are illumi-

nated by light (photodiodes). In the same way there are devices that from the

electronic point of view are resistors, capacitors, or even field effect transistors

whose electrical parameters may depend on the chemical composition of the

environment at which they are in contact.

Electronics properties of materials may hardly be directly influenced by the

environmental chemistry, and then in order to achieve chemical sensors a compos-

ite structure is necessary.

Figure 22.2 shows the general structure of a chemical sensor. The device is

composed by two parts. The first is a chemically interactive material, namely a

solid-state layer of molecules that can interact with the molecules in the environ-

ment. These interactions can be of different nature, and the more utilised are

adsorption and reaction phenomena. The interaction with a target molecule (here-

after called analyte) and a solid-state layer is a chemical event that, as a conse-

quence, can modify the physical properties of the sensing layer. Properties such as

conductivity, work function, mass or optical absorbance are among those that can

be transduced into an electric signal by suitable transducers. These transducers are

the second component of chemical sensors, and they are sometimes called “basic

devices”. An example of the whole chain of transduction translating the presence of

a volatile compound into an electric signal is given in Fig. 22.3.

analyte

sensitive material

C: concentration

Q: intermediate quantity

Z: electric quantity

V: measurable signal

se
ns
or

basic sensor

measurement circuit

DR, DC,
Df, Dg,---

Dl, DV, Df, Df

DT, Dm, Ds
Dn, DF,---

Fig. 22.2 Schematic representation of a generic chemical sensor. Targeted molecules interact

with a chemically interactive material. As a consequence of the interaction, one or more, physical

properties of the interactive material change. These quantities can be the temperature (ΔT), the
mass (Δm), the electric conductance (ΔC), the refraction index (Δn) or the work function (ΔΦ).

For each, and many others, of these quantities there are a number of devices that, once properly

connected in an electric circuit, provide an electrical signal that is a function of the quantity of

interactions occurring at the interface between the sensor and the environment
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The matching between sensitive material and transducer is not univocal: a single

sensitive material can be coupled with many different transducers and vice versa. In

practice, there are many possibilities to assemble a chemical sensor. The optimal

matching between sensitive layer and transducer is than fundamental to achieve a

well performing sensor.

Before to illustrate the technological basis of chemical sensors it is important to

introduce the fundamental parameters that allow a correct interpretation of the per-

formance of any sensor. These parameters are sensitivity, resolution and selectivity.

The fundamental action of a chemical sensor is the conversion of the information

about the concentration of a chemical species into an electric signal. The relation-

ship between the signal and the chemical concentration can be represented by an

analytical function that embodies the sensor operation.

v ¼ f cð Þ
where V is a generic signal, and c is the analyte concentration. The knowledge of

the response function is necessary to estimate from the sensor signal the amount of

concentration. This estimation is straightforward if the response function is linear,

and in more general cases the estimation may require the solution of a non-linear

equation.

Beside response function, there are other important quantities that are necessary

to be known to appreciate sensor performances.12 One of these quantities is the

analyte

polymer

QMB

oscillator circuit

frequency meter

Fout ± ΔFout

signal

Fig. 22.3 Example of a complete transduction chain from the analyte to the measured signal. An

airborne volatile compound is absorbed into a polymer layer coating a quartz microbalance. The

quartz microbalance is connected to an oscillator circuit and the frequency of the output signal is

proportional to the absorbed amount of molecules. The frequency of the output signal is measured

by a frequency counter and the measure value is then provided
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sensitivity. The sensitivity expresses the capability of a sensor to modify its signal

as a consequence of a change of concentration. Analytically, it is the first derivative

of the response function

S ¼ dv

dc
¼ df cð Þ

dc

Only in case of a linear response function, the sensitivity is a constant quantity. In

all the other cases it is a function of the concentration.

Let us consider a common case of a chemical sensor based on a sensitive material

characterised by a limited number of adsorption sites. The amount of adsorbed

molecules as a function of the concentration is ruled by the Langmuir isotherm.

The response curve is almost linear at low concentration and tends to the saturation

corresponding to the complete occupation of available adsorption sites. A sensor

containing such a sensing material and a basic transducer simply providing a signal

proportional to the number of adsorbed molecules is represented by the response

curve shown in Fig. 22.4 (left). In Fig. 22.4 (right) the corresponding sensitivity is

shown. The sensitivity is larger at low concentrations, and it tends gradually to zero as

the sensor response reaches the saturation. In order to fully appreciate the importance

of sensitivity it is necessary to evaluate the influence of measurement errors. The

knowledge of the signal v is affected by an error and this error is propagated in an

error on the estimation of the concentration. Simple mathematical considerations

leads to the conclusion that given an errorΔVerr affecting the signalV, the errorΔc on
the estimated concentration is given by the following relationship:

Δcres ¼ ΔVerr

S

The error in concentration is then inversely proportional to the sensitivity. It is

worth to mention that in case of electrical signals, the error Δv is limited by the

electronic noise that determines the ultimate uncertainty of any electric signal.

Fig. 22.4 Typical response curve (left) and sensitivity (right) of a generic chemical sensor based

on adsorption of target molecules in a sensing layer characterised by a limited amount of

adsorption sites

22 Electronic Noses 655



The previously mentioned quantities are completely general, and their impor-

tance holds for any kind of sensor. For chemical sensors an additional parameter of

great importance is the selectivity. The selectivity defines the capability of a sensor

to be sensitive only to one quantity rejecting all the others. In case of physical

sensors, the number of quantities is limited to a dozen and the selectivity can be

achieved in many practical applications. For chemical sensors, it is important to

consider that the number of chemical compounds is of millions and that the

structural differences among them may be extremely subtle. With these conditions

the selectivity of chemical sensor can be obtained only in very limited conditions.

Lack of selectivity means that the sensor responds with comparable intensity to

different species and with such a sensor it is not possible to deduce any reliable

information about the chemical composition of the measured sample. Selectivity is

a straightforward requisite for analytical systems where sensors and its related

measurement technique are addressed to the detection of individual compounds.

As mentioned in the previous section, selectivity is not found in olfactory receptors.

As a consequence, artificial olfaction systems are not based on individual selective

sensors, but on sensors whose selectivity can be oriented towards molecular

families, or better, towards interaction mechanisms. Figure 22.5 shows a typical

selectivity map related to an array of quartz microbalances (see next section) coated

with different metalloporphyrins based on the same macrocycle (tetraphenyl-

porphyrin) but with different metal atoms. Figure 22.5 depicts well the concept of

combinatorial selectivity, namely each compounds is identified by a unique sensi-

tivity pattern that makes possible the identification.

Fig. 22.5 Sensitivity map of an array of metalloporphyrins-coated quartz microbalances
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22.3 Chemical Sensor Technologies

In this section the basic principles of the most popular categories of chemical

sensors are illustrated. Sensors are here classified according to the physical inter-

mediate quantity.

22.3.1 Sensors Based on Conductance Changes

In order to measure the conductance change a suitable transducer is necessary. The

most widely used configuration is based on interdigitated electrodes deposited on

an insulating substrate as shown in Fig. 22.6. The sensitive film is then deposited

over the electrodes pattern. Usually, and in particular for organic conductive

materials, the film thickness is larger than the electrode thickness. In this condition

the total resistance of the sensor can be calculated applying the Schwartz-

Christoffel coordinate change.13 Anyway, the expected behaviour of resistance as

an inverse function of the number of finger electrode is found.

22.3.2 Metal Oxide Semiconductors

Changes of conductance become appreciable in materials characterised by a limited

number of mobile charge carriers. In practical, semiconductors are subjected to

large changes of conductance also in presence of a modest variation of the number

of conductance electrons or holes. The most popular materials undergoing a

conductance change upon the interaction with gases are the metal-oxide semi-

conductors. These are oxides of transition metals, whose the most known and

studied is SnO2.
14 This is a wide band gap n-type semiconductor whose main

sensitivity mechanism is related to the role played by oxygen.15 At sufficiently

Fig. 22.6 Structure of a conductance transducer based on an interdigitated electrode is coated by a

thick sensing layer. The relationship between the resistivity of the sensing layer and the actual

resistance measured at the terminal contacts can be calculated by a Schwartz-Christoffel transform
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high temperature (e.g. above 200 �C) dissociative adsorption sites of molecular

oxygen are activated on the oxide surface. A charge transfer occurs between the

material and the adsorbed oxygen atom with the consequence that the conductance

band in proximity of the surface becomes depleted and a surface potential barrier is

formed. The amount of depletion and the barrier height are proportional to the

number of adsorbed molecules. Since the material is a semiconductor, the number

of conductance electrons is limited and then it is also limited the amount of oxygen

molecules that can be adsorbed at the surface. The consequence of the exposure to

oxygen is a reduction of the surface conductance. The exposure to any molecule

interacting on the sensor surface with adsorbed oxygen atoms may result in a

release of electrons back to the conductance band and in a reduction of the surface

conductance band depletion and in a lowering of the potential barrier. Paradigmatic,

to this regard, is the case of carbon monoxide that reacts with the bounded oxygen

to form carbon dioxide releasing an electron back to the conductance band. This is

only one of the many interactions taking place on the surface of metal oxides, and

the sensitivity of these devices is extended to many different kinds of volatile

compounds. The sensitivity can be further modified adding tiny layers of catalytic

metal atoms on the surface. It is important to remark that this kind of sensors request

to be operated at high temperature, and as a consequence an electrically actuated

heater is integrated in the device. Since the sensitivity depends on temperature it

can be modulated changing the working temperature. On this basis, a single sensor

operated at different temperatures can behave as a set of virtual sensors. Then, the

concept of combinatorial selectivity illustrated in Fig. 22.4 can be obtained with

only one sensor device.16,17

Metal oxide semiconductor sensors can be prepared in many different ways, in

any case the general advice is to produce a nano crystalline material in such a way

the modulation of the surface conductance band population becomes dominant in

the whole sensor providing the maximum sensitivity. Recently metal oxides growth

in regular shapes such as nanosized belts and rods18 has shown peculiar properties.

The characteristics of these structures, although interesting, have not yet resulted in

practical improvements of performances.

Arrays ofmetal oxide semiconductor chemiresistors have been frequently used as

electronic noses. Example of results are concerned with the detection of tea culti-

vars,19 the freshness of fishes,20 and the detection of toxigenic fungi in cereals.21

22.3.3 Conducting Polymers and Molecular Aggregates

The conductance properties of organic materials based either on polymers or

molecular aggregates are studied since several years with broader scopes related

to the possibility to develop a novel sort of electronics based on carbon chemistry.22

Chemical sensors based on conducting polymer may be considered as a lateral

result of these studies. Indeed, aggregates of polypyrrole or polytiophene have a

semiconducting character and their conductance can change after the exposure to
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volatile compounds. With respect to metal oxides these sensors have two important

advantages: they are operated at room temperature and, most important, their

chemical sensitivity can be changed at synthesis level modifying the chemical

structure of the monomer.23 One of the drawbacks of these sensors is the instability

mainly due to the degradation of doping radicals that are added to increase the

conductance.

Conducting polymers have been demonstrated to be an important material for

electronic nose application. Demonstration of their properties has been provide in

the assessment of seafood freshness,24 the detection of streptomyces in potable

water,25 and the quality of olive oils.26

22.3.4 Carbon Black-Embedded Non-conducting Polymers

Polymers are excellent absorbant materials whose selectivity can be tailored

through chemical synthesis. Since only few polymers are conductive their use for

gas sensing is usually associated to mass transducers (see later). An ingenious

method to transduce the absorption into a layer of non-conductive polymer into a

change of electric resistance was introduced some years ago.27 It consists in

embedding a precise quota of carbon black grains in the polymer matrix. The

conductivity of carbon black ensures the charge transfer between the carbon

black grains suspended in the polymer. As a consequence of the absorption of

volatile compounds the polymer swells and the mean distance between the carbon

black grains increases. This leads to an increase of resistivity that can be adequately

detected. These sensors were soon patented and they were used in a commercial

electronic nose (Cyranose) that was used for many applications in particular in

breath analysis for medical diagnosis. In this field demonstrations of sensitivity and

discrimination properties have been provided for diseases such as asthma,28 and

chronic obstructive pulmonary disease.29

22.3.5 Mass Transducers

The adsorption of molecules into a sorbent layer (e.g. a polymer or a molecular

film) produces a change of mass and the measurement of these mass shifts can allow

the evaluation of the amount of adsorbed molecules. The measure of small mass

changes is made possible by piezoelectric resonators. A piezoelectric resonator is a

piezoelectric crystal properly cut along a well specified crystalline axis. Due to the

piezoelectric effect, the mechanical resonance of the crystal is coupled with an

electric resonance. Since crystal resonance is extremely efficient the electric reso-

nance is characterised by a very large quality factor. This property is largely

exploited in electronics to build stable oscillators as clock references. The same

effect is exploited for chemical sensing adopting particularly shaped crystals such
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as in quartz microbalances (QMB).30 These are thin slabs of AT cut quartz

oscillating at a frequency between 5 and 50 MHz approximately. The frequency

of the mechanical oscillation decreases almost linearly with the mass on the quartz

surface. If the quartz is connected to an oscillator circuit, the electric frequency

decreases linearly with the mass. A typical QMB has a limit of detection around

1 ng. Such an amount is sufficient in many practical applications.

QMB-based electronic layers were used for many applications. As an example,

metalloporphyrins-coated QMB were used in a large variety of application in the

fields of food analysis and medical diagnosis. Examples in food analysis fish

freshness,31 food aroma detection,32 and microbiological contamination of

cereals.33 Noteworthy results in medical diagnosis have been obtained for lung

cancer34 and asthma diagnosis.35

Piezoelectric effect can also be exploited with other configurations such as those

based on surface acoustic waves (SAW).36 These devices are operated at larger

frequencies and since themass sensitivity is proportional to the square of the resonant

frequency they are supposed to be largely sensitive with respect to QMB. However,

as discussed in a previous section, resolution is the key parameter of a sensor and

resolution is limited by signal noise. Since SAW signals are at large frequency

(hundreds of MHz) the noise of SAW is larger than the noise of QMB so the increase

of performance is rather reduced with respect to what it is supposed to be.

More sophisticated mass transducers were proposed by using resonant cantile-

vers similar to those adopted in atomic force microscopy.37 In spite of the claimed

properties, these sensors were never demonstrated in practical applications.

22.3.6 Field Effect Transistors

Most of the properties of field effect transistors (FET) depend on the difference

between the work function of electrons in the metal gate and in the semiconductor.

This difference can be modulated by a layer of electric dipoles at the metal–oxide

interface. The principle was adequately exploited with a palladium gate FET

exposed to hydrogen gas.38 H2 molecules dissociate into atomic hydrogen at the

palladium surface, and hydrogen atoms can diffuse through the palladium film until

to reach the oxide surface where they form an ordered dipoles layer. As a result,

although under constant bias, the current flowing in the FET changes revealing the

chemical interaction.

Arrays of catalytic metal gated FET were used to assemble electronic noses.

Main results were obtained in the detection of different microbiological processes

such as the fermentation of meat39 and the infection mammalian cells.40

This basic structure was successively modified changing the gate metal and

thickness in order to extend the range of measured gases. In this way sensitivity to

ammonia, an important gas for fish freshness and quality was also obtained.41 FET

structures were also modified to accommodate, as sensing part, organic molecular

layers, such as metalloporphyrins.42,43
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22.3.7 Colour Indicators

Chemical sensing based on optical sensitive layers is a captivating strategy due to

the strong influence of target chemicals on the absorption and fluorescence spectra

of chosen indicators.44 Nonetheless, the chemical practice of this approach is badly

balanced by the transducer counterpart. Indeed, standard optical instrumentations

are usually expensive.

On the other hand in the last decade the performance of consumer electronics

was steadily growing. This gave rise to a number of low-cost advanced optical

equipments such as digital scanners, cameras, and screens whose characteristics

largely fit the requirements necessary to capture changes of optical properties of

sensitive layers in many practical applications.

The first demonstration in this direction was given by Suslick and colleagues

when they showed that a digital scanner has enough sensitivity to detect the colour

changes in chemical dyes due to the adsorption of volatile compounds.45

Furthermore, Lundström and Filippini proved that it is possible to assemble a

sort of spectrophotometer using the computer screen monitor as a programmable

source and a web cam as detector.46 This last technique, known as Computer Screen

Photo assisted Technique (CSPT) is based on the fact that a computer screen can be

easily programmed to display millions of colours, combining wavelengths in the

optical range. Compared with the use of digital scanners, to probe the sample with a

variable combination of wavelengths instead of use the white light of scanners,

gives the possibility to perform an optical fingerprint measurement allowing a

simultaneous evaluation of absorbance and fluorescence of samples. Due to the

large diffusion of portable computers, PDAs, and cellular phones all endowed with

colour screen, camera, and an even more extended computation capabilities, the

application of the CSPT concept may be foreseen as to greatly extend the analytical

capacity worldwide. CSPT has demonstrated its utility in particular to classify

airborne chemicals reading absorbance and fluorescence changes in chemical

dyes such as metalloporphyrins.47 Standard opto-chemical sensors are based either

on absorbance or on fluorescence while CSPT arrangement gives the possibility to

evaluate at the same both the effects.48,49

A typical CSPT arrangement is shown in Fig. 22.7 and an example of signals

from a single spot is shown in Fig. 22.8. This arrangement can adequately work as

an electronic nose.50

The use of image sensors, such as in CSPT, offers also the possibility to largely

increase the size of the sensor array approaching the large number of olfactory

receptors. This was first demonstrated several years ago using a CCD camera to

measure, at once, the optical changes occurring in a large number of fluorescent

indicators deposited on the tips in a bundle of optical fibres.51

The basic property of an image sensor is the segmentation of a whole scene into a

number of elementary units, called pixels. Each pixel corresponds to one photo

detector measuring the light intensity shining from a section of the whole scene.

Eventually, when an image sensor captures a sensitive surface coated by a
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continuous layer of chemical indicators, the sensing layer is segmented into a

number of elementary units corresponding to the pixels of the image. Then, since

it is possible to evaluate the optical properties of single pixels, each pixel of the

image may correspond to an individual sensor. To this end, even low-resolution

images may result in thousands of independent sensing units, then under the

Fig. 22.7 Arrangement of a

CSPT-based electronic

nose. The screen is the light

source used to probe the

sensing layer that is imaged

by a webcam. In the inset
the imaged sensing layer.

Circles indicate the region
of interest whose pixels

intensities are averaged and

considered as the sensor

array response

Fig. 22.8 Example of CSPT data signals. A sequence of multicolour images is taken when the

sensing layer is exposed to the sample and to the reference atmosphere. The difference shows that

changes occurs under blue and red colour illuminations
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hypotheses that different types of indicators are optically different (this trivially

means that each indicator has a different colour) it is possible to cluster the camera

evaluation of the colour of individual pixels in abstract classes each containing

pixels carrying the same chemical indicator.52 In this architecture, individual pixels

play the role of individual olfactory receptor neurons and the abstract classes

gathering together pixels carrying similar indicators are analogous to the glomeruli

units observed in natural olfaction.53 This platform can then efficiently mimic the

dynamics between signals of single receptors and how these are transformed by the

convergence into the glomeruli. Hardware development is limited to the receptor

units (the colour indicators) while glomeruli are a software implementation. Post-

glomeruli processing can be easily accomplished via software and results can be

strongly connected to the physical and chemical properties of the interaction of

volatile compounds with the receptor layer. The platform can then allow the

investigation of the properties of biologically derived processing paradigms

extending the similarities between artificial and natural olfaction.54

22.4 Conclusions

The conversion of chemical information into electric signals that can be measured,

stored, analysed, transmitted and integrated with other data can be performed by

several different technologies. These technologies are sometimes equivalent in terms

of performances and for some specific applications one technology may outperform

the others. It is important in any application to design the optimal sensor array in order

to determine the quality and the quantity of the relevant chemical species.

Chemical sensors are an almost mature technology for many practical applica-

tions. For this scope it is necessary a strong co-operation between sensors developers

and end-users in order to optimise practical solutions. At this level it is important a

correct and careful analysis of user needs and expectations and an education effort

towards the users in order to disseminate the intrinsic novelty carried by sensors

systems such as those widely belonging to the class of artificial olfaction.

It is also important that developers and users are aware of the intrinsic limit of

information that is carried by the volatile part of a sample. For instance, in food

analysis it is important to consider that sensory analysis is almost never confined to

the only olfactory perception. Actually, synesthetic action among the senses is

required to form a full judgement over a certain food sample. As an example, in

fish analysis quality index, linearly correlated with the days in ice, is calculated

considering at the same time visual, tactile, and olfactory perceptions. This suggests

that in order to fully reproduce the perceptions of humans with artificial sensors the

electronic nose has to be compared and integrated with instruments providing

information about visual aspects, texture, and firmness. This opens a further

novel investigation direction involving again researchers from different areas

confirming that an interdisciplinary approach is the most strong added value for

the analysis of any kind of sample.
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Chapter 23

Remote Sensing

Tomer Noyhouzer and Daniel Mandler

Remote sensing is the ability to acquire information about an object or phenomenon

without physically contacting the object or the place from which this information is

obtained. Remote sensing is a fast developing field, which makes it possible to

monitor secluded or inaccessible areas. Sensing can be passive, where energy is

collected or active whereby energy is emitted by the sensor and perturbs the sensing

environment. Remote sensing is of particular interest and importance in monitoring

the environment. It is worth mentioning that remote sensing has two quite different

aspects (see Fig. 23.1); the first is to sense from the distance, typically from satellite.

This approach is commonly applied for assessing and mapping large areas and

providing information about biodiversity, physical changes, and threats and iden-

tification of global variations such as temperature, haze, etc. In this case, the sensors

(mostly optical) are located far from the analyte. On the other hand, remote sensing

(or monitoring) refers also to deploying the sensing devices on-site where sampling

and analysis is carried out locally (mostly of aquatic systems) and the data are

transmitted to the control unit that is located remotely. This approach, which is

termed remote environmental monitoring, allows, in principle, collecting data

simultaneously from different locations, monitoring on-site at real-time physical,

chemical, (micro)biological, and radiological parameters, and therefore can be used

as the basis of early alarm systems.

Remote electrochemical sensing has many advantages since the electrochemical

sensors can be made relatively small and cheap, nevertheless, they can be highly

sensitive and in many cases possess also high selectivity and robustness. Transduc-

tion of the electrochemical response into an electrical signal that can be transmitted

over long distances is an inherent part of the electrochemical sensor. Electrochem-

ical sensors are often categorized into potentiometric, amperometric, or conducto-

metric devices. Potentiometric sensors measure the changes in the electrochemical

potential between two electrodes, where the potential of one of them is designed to
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be highly selective towards the activity of the analyte while the other electrode

potential is kept constant (a reference electrode). Ion selective electrodes (ISE) as

well as the pH electrode belong to this family. Although the potentiometric

measurement is the simplest it usually lacks sensitivity. Amperometric or

voltammetric sensors are highly sensitive due to the accumulation of the analyte

on the electrode surface. Selectivity is achieved by either scanning the potential

where the analyte is oxidized or reduced or as a result of modifying the electrode

surface with a layer that selectively interacts with the analyte. The current that is

measured is proportional to the concentration of the analyte in the sample. The last

group, conductometric sensors, is based on modulation of the resistivity of a

selective layer by the analyte. This is also a two-electrode system (such as used

for potentiometry). All three types of electrochemical sensors can be miniaturized

and therefore can be incorporated in remote electrochemical sensing systems.

23.1 Basic Concepts and Setup in Remote

Electrochemical Sensing

23.1.1 The Flow System

Constructing a device that works well for remote environmental sensing requires

not only developing the recognition element but integrating it in an autonomous

system. Hence, in addition to the challenges in constructing the sensing and

transduction parts of the sensor, one faces with the challenge of developing a

sampling and delivery system. This usually requires introducing of a flow system.

The utilization of flow systems not only enables the automation of the measurement

and relatively easy data collection,1 but also simplifies the entire process in com-

parison with a static process, which contains various stages of liquid replacements

Sensing
area

Sensor

Sensing
area

Sensor

Sensor 
control

a b

Fig. 23.1 Schematics of both approaches termed “remote sensing”: (a) Remote sensing by a

sensor that is located far from the analyte. (b) Remote environmental sensing by a sensor that is in

contact with the analyte but transmits the data
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and mixing.2 Another advantage of coupling is the versatility of the flow system,

which enables easy and simple adjustment of the chemicals, tubing, and speed and

volume of the various solutions. This increases the precision and accuracy of the

measurements since it allows better control and optimization of the process.

Moreover, electrochemical methods are known for their inherent high sensitivity,

thus, allowing the measurement of very low concentration by employing small

volumes. All these make coupling between electrochemical measurements and flow

systems ideal for remote sensing.3 The advantages of an automated electrochemical

flow system are well documented in remote environmental sensing where the

collected data are in far, problematic, or inaccessible areas.

Coupling between electrochemical sensors and flow systems is the key element

which makes remote electrochemical sensing feasible. The majority of the flow

systems employ stripping methodology, which is based on a continuous flow. This

approach utilizes a valve selector and one or more pumps. The different solutions

are selected by the valve selector, and can be channeled to the electrochemical flow

cell. A flow system which employs a continuous flow approach can be based on

simple apparatus (which can be controlled by a microprocessor or manually). The

downside of this approach is the use of relatively large volumes of sample and

reagents. In order to overcome this disadvantage, one can employ a bidirectional

pump that flows the same volume through the cell several times.4,5

The development of Flow Injection Analysis (FIA) caused a revolution in the

field of on-line electrochemical analysis, and nowadays most of the systems are still

based on FIA. In FIA the sample is introduced (injected) into an eluent flow, which

transfers the sample to the detection area or measuring cell. The most known

example of a FIA system is high performance liquid chromatography (HPLC).

FIA has many advantages, such as simplicity and low consumption of sample and

reagents, yet it does not lack of disadvantages. From the location were the analyte is

introduced into the system until it reaches the measuring cell it undergoes tailored

dispersion. The dispersion dilutes the analyte until it reaches the working electrode

in the measuring cell and therefore reduces the sensitivity. To improve the FIA an

alternative methodology based on Sequential Injection Analysis (SIA) was devel-

oped.6 The heart of the SIA is a multioptional valve selector.7 The solutions are

suck and pumped in a sequence of segments using a bidirectional pump. Figure 23.2

depicts the major differences between FIA and SIA systems. The fundamental

difference is the way the analyte is pumped through the system. In FIA the analyte

is pumped using the eluent flow towards the detection cell, while in SIA the analyte

is first withdrawn from its container and then pumped towards the detection cell.

This difference causes also a differences in the profile of the flow.8

FIA systems are better for specific cases, while SIA systems are more modular.

The adjustment of a SIA system to an experimental scenario can take some time,

but once the system is optimized it can run autonomously. This advantage and

the substantial reduction in the volume of reagents consumed and waste produced,

as well as the ability to utilize several chemicals (which is limited only by the

number of valves in the valve selector) make SIA an attracting platform for remote

environmental sensing.
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23.1.2 The Electrochemical Cell

Flow systems can be divided into two categories, not only according to the flow

regime (FIA and SIA) but by the nature of the electrochemical cell as well.

Although there are a few types of cells, most of the systems can be divided into

wall-jet and thin-layer cells.

Electrochemical cells based on a wall-jet pattern are very common in systems

that utilize disposable electrodes. The basic principle behind these cells is to

increase mass transfer towards the electrode surface both by using a flow system

and manipulating the flow profile.

The liquid is driven in a specific angle, usually 90�, which causes it to collide

with the electrode surface. The wall-jet arrangement requires that the diameter of

the solution jet is much smaller than that of the working electrode disk.9 Figure 23.3

illustrates different types of wall-jet cells; the solution flows towards the electrode

colliding with its surface and then continues in a vertical or diagonal tube. The

counter electrode can be either part of the cell itself or a hollow inlet tube.

From an hydrodynamic point of view the behavior of an electrode in a wall-jet

flow cell is similar to the most common electrochemical hydrodynamic tool, i.e.,

Fig. 23.2 Schematics of FIA and SIA systems

Fig. 23.3 Different types of electrochemical cells based on wall-jet methodology
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the rotating disc electrodes, as the limiting current depends on the diffusion

coefficient of the depolarizer similarly between both systems.10

The other type of cells is based on a thin-layer configuration, where the liquid

flows parallel to the electrode surface as illustrated in Fig. 23.4. These cells, which

are also called channel cells, are characterized by their simplicity and the fact that

the electrical field between the working and the counter electrode is more symmet-

rical, hence the background noise is reduced, which can be very critical when

measuring trace elements.

Most of the thin-layer commercial flow cells utilize a gasket. In this approach, a

gasket is used to separate the electrodes. The shape of the gasket determines the

shape and size of the measuring chamber. The use of a gasket enables more

flexibility in the design of the cell; moreover, the same system can be used for

different purposes and different volumes by simply changing the gasket. This

approach allows a simple adjustment of the shape of the cell and the working

electrode. Moreover, by changing the shape of the cell one controls the flow regime.

Figure 23.5 shows the commercial flow cell manufactured by Bioanalytical

Instruments11 (BASi, USA) that employs a gasket. The working electrode shape

is controlled by the shape of the different gaskets. Figure 23.6 shows three types of

commercially available gaskets, where the shape of the cell determines the flow

pattern inside the measuring chamber.

Figure 23.7 shows side and top views of a cross and radial flow gaskets and how

the electrode configuration determines the choice of the gasket and the suitable flow

pattern. If a dual electrodes configuration, where the electrodes are parallel, is

chosen then the cross flow gasket will give the optimum results. On the other

hand, if a single electrode configuration is used the radial flow gasket is preferred.

When the electrodes are side by side an arc flow gasket usually performs better.

The two fundamental flow cell designs that were discussed differ essentially in

the position of the working electrode relative to the direction of the eluent flow. The

thin-layer cell exhibit laminar flow parallel to the electrode surface, while the wall-

jet design exhibits a flow direction perpendicular to the electrode surface. Compar-

ative studies between the different cell designs were conducted. In spite of the fact

that equations that describe the current as a function of the cell-type and geometries

have been derived, comparison between the theoretical and experimental results

was not satisfactory. The difference between the calculated and experimental was

Fig. 23.4 Electrochemical flow-by cell
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Fig. 23.6 Gaskets designed by BASi for electrochemical flow cell, with permission from BASi

Bioanalytical Systems, Inc. Further reproduction prohibited without permission. Copyright 2014

Fig. 23.5 A commercially available flow cell, which uses gaskets of different shapes11 (designed

by BASi), with permission from BASi Bioanalytical Systems, Inc. Further reproduction prohibited

without permission. Copyright 2014
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attributed to effects that arose from the electrode material, deviations in fluid flow,

and inadequacies in the theory that was due to different operating conditions.12,13

There are several reports that although the thin-layer cell suffers from reduced

mass transfer and higher uncompensated resistance through the flow cell, it is more

sensitive and showed better reproducibility than the wall-jet cell.9,14–17 On the other

hand, it was argued on other reports that wall-jet is superior to other designs in

terms of current sensitivity and improved signal to noise (S/N) ratio.17–22 In general

a thin-layer design is preferred for potentiometric measurements, while

voltammetric measurements will yield better sensitivity in wall-jet design. Further-

more, most commercially available wall-jet cells are designed for use with dispos-

able electrodes.

23.1.3 Frequency of Sampling

The traditional approach of environmental monitoring is based on discrete sampling

followed by laboratory analysis. This concept suffers from one major disadvantage,

namely, the time that passes between sampling and analysis through which the

species can undergo different biological, physical, and chemical transformations

leading to changes in concentration and chemical speciation.23 Furthermore, when

the measurements are carried out in the laboratory after sampling, numerous pre-

cautions must be taken to avoid artifacts bound to sample contamination, adsorption

processes, and evolution of the sample before the analysis.24 Discrete sampling

methods are also expensive and time consuming. Moreover, discrete sampling does

not provide accurate, real-time information about changes accruing in the concen-

trations or relations of the chemical species, which govern different processes in the

environment. For example, Ouddane et al.25 showed that the concentrations of Zn,

Fe, and Cu measured in the Vorma River not only alter daily, but vary dramatically

Fig. 23.7 Side and top views of a cross and radial gaskets
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during a 24 h course. Evidently, understanding the dynamics of trace metals (and

other species) in aquatic systems can be accomplished only when the frequency of

sampling is sufficient, i.e., is higher than the changes. Moreover, small changes may

have a large impact on the dynamics of processes in aquatic systems.26 For

example, it has already been shown that the concentrations of total dissolved metals

and/or their labile fractions evolve quickly with time. This could be attributed to the

variation of phytoplankton activity or the temperature fluctuation during daily

cycles.27,28 Local perturbations and particularly the resuspension of contaminated

sediments can also have a transitional effect on the concentrations and speciation of

trace elements.29–31 These phenomena when occurring frequently can be of great

importance to the aquatic organisms and the interpretation of the acquired data.

Hence, the frequency of sampling and measurement must be determined by the

necessity, that is, by the expected changes in the environment that might have an

important effect. This must be very often compromised by the technological

limitations. For example, while monitoring pH can be performed at intervals of

seconds or less, it is presently impossible to monitor the levels of heavy metals at

their natural abundance at the same frequency.

The interaction between the urban-industrialized region and the environment has

very often a negative impact and poses a threat to the environment.32,33 In order to

reduce this threat and prevent the health hazard resulting from the pollution of water

bodies, such as rivers and lagoons, international and national laws are constantly

legislated.34 These laws impose the frequency of monitoring in order to ensure

water, air, and soil quality. The use of a remote-on-line system enables not only the

enforcement of the regulations but also an immediate on-line warning in the case of

detecting abnormalities in the form of concentrations or levels of the monitored

species.25,35,36

23.2 Types of Electrochemical Sensors for Remote Sensing

23.2.1 Stationary Remote Electrochemical Sensing

Monitoring is basically of at least two dimensions; space and time. In many cases

there is a need to monitor a constant location, which means that the sensor is fixed in

space and monitoring becomes only time-dependent. For this mission, a stationary

remote environmental sensor is the evident option. A stationary sensor is more

flexible in terms of dimensions, weight, and power supply. This flexibility also

lowers the cost of the sensor. Stationary sensors are quite common, less common

are stationary sensors that are controlled remotely.

Heavy metals are of clear monitoring interest due to the role they play in

geological processes and their environmental and toxicological effects. Many of

the heavy metals, e.g., lead, mercury, and cadmium, are highly toxic, which makes

them a target for remote environmental monitoring in particular in aquatic systems.
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Furthermore, several of these heavy metals tend to bioaccumulate37 in various

organisms, which complicates their monitoring significantly. Automatic trace

metal monitoring systems (ATMS)25 are one example of an important tool in

monitoring these elements using a stationary remote sensing device. ATMS, are a

family of systems that can be placed in different locations and provide continuous

(time dependent) monitoring.1,38–40 Billon and coworkers applied the ATMS for

voltammetric detection of Cu, Fe, Pb, Mn, and Zn in the Deûle River (France).41

They showed, using differential pulse anodic stripping voltammetry (DP-ASV) that

the concentrations of Zn, Cu and Fe vary, and is a function of the pH and

turbidity.25,29 ATMS can also be used as part of a sensor network.42 The informa-

tion that is collected by such network can be utilized in order to obtain a 2D or 3D

models of the contaminant distribution in the environment.24,43,44 The sensor

network offers a powerful combination of distributed sensing capacity, computa-

tional tools together with internet or satellite communication, which are applicable

in numerous research fields, such as ecological studies. Moreover, new designs of

sensor networks allow for the observation of systems in near real-time, based on

incoming data not only from local sources, but also from nearby networks, and from

remote sensing data streams.24,45 These advances are providing new and better

understanding of our ecological systems by revealing previously unobservable

phenomena and also raising questions and insights.46 Figure 23.8a shows a sche-

matic distribution of a sensor network. The ATMS (which are marked by the red

dots) are placed in strategically points that are determined by a previous geological

survey, simulations, or a potential contamination source. The ATMS are placed not

only in the estuaries (entering or exiting the water body) but can also be positioned

along the river or lake in order to provide a better insight on the measured

parameters. Buoys are used in order to position a station and acquire information

regarding phenomenon that occurs not near the shore, but also in the middle of the

water body. Buoys can also be used to supply power to the sensor via solar panels

and make an ideal platform for numerous sensors for monitoring atmospheric and

hydrodynamic environments as well as for speciation. Figure 23.8b shows three

Fig. 23.8 (a) Illustration of monitoring station distribution in an aquatic environment. (b) Buoys

that are designed by Sound Ocean System Inc. for deep, coastal, and protected water47
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types of buoys that are manufactured by Sound System Ocean Inc (SOSI).47 These

buoys are designed for different conditions, i.e., deep, costal, and protected waters.

During the last decades there has been an extensive use of aquatic sensors and

monitoring stations for monitoring basic water parameters, such as temperature and

conductivity (salinity). Physical sensors are very often used for monitoring aquatic

systems. They are usually very robust and reliable and can be used for long time

without or with minimal maintenance. Mead et al. used a network of gas sensors for

measuring ppb levels of toxic gases (CO, NO, and NO2) in urban environments.48

Coloso and coworkers used a sensor network to measure temperature and dissolved

oxygen (DO) in various habitats and at multiple depths for a more complete

estimate of whole lake metabolism and better understanding of the spatial and

temporal complexity of lakes.49 Other chemical aquatic sensors such as used for

measuring total suspended solids (TSS), nutrients (N, P), and dissolved organic

matter, are constantly developed and improved. Yet, depending on local biofouling,

they require very frequent maintenance, that is, after a period of 2 weeks up to

1 month a cleaning procedure or other services are crucial for their reliable

operation. Electrochemical sensors for monitoring the oxidation–reduction poten-

tial (ORP) or ion selective electrodes (ISEs) had been considered the most prob-

lematic for long-term autonomous deployment within networks, as their response

tended to drift excessively over time in the absence of frequent servicing. However,

major developments in sensor technology, such as better LOD or stability due to

new membrane materials, especially in electrochemical sensors50–52 enable the

long term use of sensors in remote locations as part of a sensor network.41

Evidently, as more aquatic sensors are becoming accessible, models can be readily

examined and refined.

23.2.2 Mobile Remote Electrochemical Sensing

In the period between 1975 and 1977 three scientists from the San-Diego Naval

Ocean Systems Center went on a sampling campaign in the San-Diego bay. The

sampling and measurements were conducted from a small vessel. This was not the

first off-shore sampling campaign, but it was the first one that utilized an automated

electrochemical system for the measurement of heavy metals.53 In the previous

sections we described the aspects of remote environmental monitoring using

different technologies. We emphasized the advantages of placing the sensor at a

remote or unreachable location. These sensors are usually deployed at a stationary

location, which can be by river estuaries, factories, or even in the middle of the

water body positioned inside a special buoy (Fig. 23.8b). The use of stationary

sensors are very common for monitoring fresh water sources, such as ground and

surface water, however monitoring a marine environment is more challenging.

Positioning of a permanent sensor at the estuary can monitor the diversity and

speciation flowing into the bay, but not the entire large area of the bay or the ocean.

Furthermore, one needs to consider the fact that some water bodies exhibit complex
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currents and coastal systems. Tides, for example, influence the local measured

concentrations and may also cause salinity shifts.54 From a biological point of

view, heavy metals will undergo dilution when entering a large water body and

appear very low but may still be of biologically significance. Hence, it is evident

that monitoring must allow time as well as space dependence of the target analytes.

The application of an automated-mobile system that is controlled from a boat or

the shore can solve some of these issues. The sensors can travel to a required area

and perform the measurements and continue to their next location. A major

limitation of the traditional sensor network is the generally fixed sampling loca-

tions. The fact that the sensor is not permanent like a station or a buoy gives the user

more flexibility in planning the monitoring strategy. This type of sensing can help

covering a large area with a small number of sensors. In fact, one sensor can

perform as an entire network and produce results from several locations, thus

contributing valuable insight on the entire system. Another advantage is the ability

of the sensor to access problematic areas in complex environments, for example

under arctic ice sheets.55 Nevertheless, assembling an autonomous-mobile device

has numerous demands spanning from power supply to a wireless control unit.

Several approaches have been considered in order to fulfill all the requirements

from such robotic device also referred to as a robotic fish or “robofish”.56

One of the first devices was the “RoboTuna” project.57 A group from MIT

demonstrated that a long robotic fish that mimics the motion of a fish can be used

for aquatic monitoring. Several versions of this prototype were made; the latest was

developed in order to monitor the 2010 oil spill in the gulf oil Mexico. The robot

was equipped with an on-board crude oil sensor to detect and track oil plumes and a

salinity sensor based on conductometry. Monitoring and tracking these two ele-

ments was critical for clean-up effort, the protection of sensitive areas and under-

standing the spill’s environmental and ecological impacts.

There were a number of attempts to construct robotic fish for oceanographic

investigations; most of them were battery-powered equipped with a CTD (Conduc-

tivity, Temperature, and Depth) detector leading to relatively short operation time.

This was a major set-back for the early systems such as Remus (remote environ-

mental monitoring units)58 and AutoSub59 which could operate for 7 and 12 h,

respectively. The use of solar-powered robots was just a matter of time, and led to

the next anticipated progress in this field. RiverNet was the first project aimed to

develop a sensors network for water monitoring based on a solar-powered under-

water robot (SAUV or solar-powered autonomous underwater vehicle).60 A pro-

duction version of the robot is now commercially available from Falmouth

Scientific, Inc., the “SAUV II” (see Fig. 23.9). The SAUV is equipped with a

standard CTD sensor as well as dissolved oxygen and pH sensors. The SAUV can

also be used as a platform for other environmental sensors such as nitrate, heavy

metals, etc.61,62

Robotic and autonomous underwater vehicles (AUVs) are playing a crucial role

in improving our understanding of the oceans. Oceanographers are employing an

increasing number (and variety) of in situ autonomous sensing systems.63 One

example of a widely used system is the autonomous underwater gliders that are
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sent to sample and monitor specific phenomena. The gliders are equipped with

wings that are designed for steering the vehicles horizontally while a buoyancy

engine is used to conduct the vertical profiles.64

Although a mobile system has some advantages compared to a fixed system such

as a buoy, it still suffers from some drawbacks. The mobile sensor has a larger

power consumption that cannot always be solved by using solar energy leading to a

shorter operation time. Radical changes in the flow or environment can cause

damage to the mobile sensor or change the models it is programmed to follow,

leading to a reduced functionality of the sensor. A typical environmental change

that can disrupt the operation of the sensor is the blossoming of algae on the water

surface. Commonwealth Scientific and Industrial Research Organization

(CSIRO)65 tried to exploit all the advantages of the autonomous mobile sensor

while using a network of fixed sensors to overcome the disadvantages. The main

interest was monitoring pathogens and pesticides especially organophosphates and

carbamates. In order to monitor these substances, the inventors used the enzyme,

acetylcholinesterase (AChE) as a biomarker. The measurement was based on the

amperometric detection using carbon nanotubes (CNT) modified electrodes.66 They

constructed two types of mobile robots; an AUV (autonomous underwater vehicles

or autonomous Unmanned Vehicle) for shallow waters or small reservoirs and a

Catamaran-based vehicle equipped with solar panels for other scenarios. To reduce

the power consumption the inventors used cellular communication and added an

option whereby the robots change their operation and reduce the amount or type of

sampling/sensing based on the amount of the energy power that is left. They also

constructed a large sensor network based on stationary sensors that were reinforced

with mobile sensors. This network could produce online information and utilizes

Fig. 23.9 SAUV II a solar-powered robot. Reproduced with permission from Falmouth

Scientific Inc
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the mobile sensors in case further data are needed in a certain area or for monitoring

special phenomenon.

There are numerous groups that develop AUVs and other robotic platforms most

of them are aimed at increasing the data collection efficiencies, particularly in

unreachable and hostile environments. Despite the fast growing interest and demand

for remote sensing for both regulatory and scientific purposes, more efforts that will

contribute directly to the quality of remote environmental monitoring are required.

For example, underwater communication, biomimetics (robotics that mimics the

function or structure of a biological system) and other propulsion mechanism, power

sources, sensing, autonomous navigation , artificial intelligence and hydrody-

namic.56 The technology is progressing rapidly and it is evident that autonomous

robotic sensing is the future of oceanography and pollution monitoring.

23.2.3 Submersible Remote Electrochemical Sensing

Automatic monitoring is essential for recording large sets of temporal and spatial

information from a water body (river, lake, lagoon, and even ocean), and is also

required for rigorous biogeochemical interpretation.67 In the previous section we

described the general concept of a remote station for environmental monitoring.

These systems are usually based on a sampling system that can withdraw the water

from different depths and a flow system that can transfer it to the electrochemical

measuring cell (detector). Another type of measurement is the submersible electrode

(sensor), which is also known as an on-cable electrode. This is a different concept

were instead of using a sampling system and bringing the sample to the electrode, the

electrode is brought to the sample. The basic idea of the submersible electrode is

shown in Fig. 23.10. The electrode which comprises of a complete three-electrode

cell is connected by a long shielded cable to a potentiostat and a recording device.

Fig. 23.10 Schematics of

the remote electrochemical

sensor for remote sensing.

Reproduced with

permission from reference

(68)
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The first submersible device was designed by Trecier and Zirino in the early

1990s.69 They designed a submersible flow trough cell that was based on either a

mercury film or a mercury drop electrode. Since this early development, most of the

work in this filed was carried out by Wang and his coworkers.70 They developed

electrodes for monitoring different species from heavy metals71–73 to organic

compounds, such as phenols, peroxides and explosives.68,74–76 The approach was

usually similar and involved a submersible stripping sensor for in situ monitoring of

the “total” content of dissolved species. They also successfully integrated the

submersible voltammetric TNT electrode with the Remus AUV creating an auton-

omous submersible electrode.68

In the beginning of the twenty-first century there have been a few major

advancements in this field including the first step in the incorporation of all the

protocol steps of the measuring system: sampling, sample pretreatment, calibration,

measurement, and cleaning, into one sealed electrode.40,77,78 A schematic diagram

of a submersible electrode that can serve as complete system or a lab-on cable

system can be seen in Fig. 23.11.

Although the vast progress in this field and the clear advantages, there are only

few commercially available submersible electrochemical sensors for marine-

specification. Most of the sensors that are developed in the lab show a lesser

Fig. 23.11 Schematic

diagram of a submersible

electrode that can serve

as a complete system.

A, cable connection; B,

micropump; C, reservoirs

for reagent and waste

solutions; D, microdialysis

sampling tube and an

electrochemical flow

detector; E and F, working

and reference electrodes,

respectively. Reproduced

with permission from

reference (77)
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sensitivity in the field. There are a few examples of submersible electrodes, which

showed good results in the lab as well as under real conditions. These electrodes

were tested not only for sensitivity and accuracy but also for their reproducibility

and stability as a function of time. The major setback in the validation of the

electrode is the fact that the electrodes are exposed to various species (organic

and inorganic) that can cause fouling even in the presence of an automated cleaning

protocol. Even electrodes that pass all of these strict tests such as the electrodes

developed for nitrate50 or trace metals79 not always succeed in the transition to the

next step. One of the very few commercially available systems is the voltammetric

in situ profiling system (VIP). The first prototype of the VIP system was developed

by Tracier in collaboration with Idronaut in 1998.1 This system later underwent

further improvements and was commercialized by Idronaut (Fig. 23.12). The VIP is

made of several units, such as on-line oxygen removal module, a multiparameter

probe, and a calibration unit. The system has the capability of monitoring trace

metals down to a depth of 500 m with a subnanomolar sensitivity.80,78

VIP systems may demonstrate the next step in the evolution of the submersible

electrode. In 2009 the VIP system was tested by four of the leading labs in aquatic

metal speciation in Europe.78 The system was simultaneously tested in Sweden,

Italy, Switzerland, and the UK. They preformed measurements of Cu(II), Pb(II), and

Cd(II) in natural waters at a frequency of 2–3 analyses per hour. The results were

compared to the standard methods: inductively coupled plasma mass spectrometry

(ICP-MS) and voltammetry using mercury electrodes. The results were almost

Fig. 23.12 Standard version of the VIP system for in-situ monitoring and profiling. (a)

Voltammetric probe, (b) multiparameter probe, and (c) online O2 removal system. Reproduced

with permission from reference (54)
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identical to those obtained by the standard methods and showed that the VIP system

is a reliable solution for remote environmental sensing. The system can provide

information about the different geochemical behavior of dissolved metals and

enables to distinguish between a variety of metal fractions. To show a the possible

use of the VIP system as part of a sensor network, two systems were placed a few

meters apart and preformed sampling at a depth of 1.5m every 50min for a couple of

days. The systems successfully measured dynamic concentrations of Cd and Pb as

well as the salinity of the sampling site. While this and similarly developed systems

hold a great promise for possible sensor networks they still suffer from a few

fundamental problems. These systems require skilled operators, preferably with

good background in electrochemistry. Unlike the ISE, the VIP system can measure

the open circuit potential (OCP) for a period of up to 3 weeks without constant

maintenance. It is also worth mentioning that the VIP system has a size and weight

limitation, which is not ideal for an autonomous remote device. In summary, the

most significant advantage of the submersible electrode is the fact that no sampling

system is needed, which is also its biggest disadvantage. A sampling system makes

the remote system more complicated in terms of weight, size, and power supply but

can also be used to filter the water and protect the electrode surface from fouling.

Although some submersible electrode can utilize a special filter it can also be fouled

and requires maintenance. Another type of a mobile environmental sensor, which

does not utilize a flow system is the hybrid robot developed by the Brazilian oil

company Petrobras S.A.81 This hybrid robot was developed not only to replace

manual sampling but also to conduct continuous monitoring of water quality and gas

emission near oil pipe lines. The robot is designed to operate on a wide variety of

terrains, including water, land, marshes, swamps, and sand.

23.3 Environmentally Monitoring Platforms

The previous sections described the different parameters involved in the fabrication of

a remote environmental sensor and the different types of sensor, which were devel-

oped. This section focuses on some of the more ambitious projects, which attempted

to construct an environmentally monitoring platform. The idea behind a platform is a

combination of several sensors from the same or different types in order to obtain a

complete prospective of the inspected area. During the last decade several projects

were mostly funded by the European Union (EU) or the US, but despite several

successful trials, so far they all have remained as scientific projects and to the best of

our knowledge none of them has been commercialized or is constantly operating.

HydroNet was a project funded by the EU framework 7th program. The project

began in 2008 and ended in the beginning of 2012. Partners from ten countries

participated in the project. It was aimed at designing, developing, and testing a new

technological platform for improving the monitoring of water bodies based on a

network of sensors and autonomous, floating, and sensorized robots, embedded in

an Ambient Intelligence infrastructure. A network of sensors was designed to
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sample and analyze several chemical and physical parameters in water in real-time

and continuously monitor the well-being status of water bodies. (Electro)chemi-

cal,52,82,83 optical and biological66 sensors were developed and used for monitoring

of physical parameters and pollutants in water such as chromate, cadmium, mer-

cury, oil, and chlorophyll. Enhanced mathematical models were also developed for

simulating the pollutants transport and processes in rivers, lakes, and coastal waters.

The sensors were planned also to be embedded into fixed stations (buoys) and

mobile robots that are able to navigate, as part of a network, in diverse water

scenarios, from coastal sea waters, to creeks and rivers (both at the head and mouth

of the rivers) to natural and artificial lakes and lagoons. The scheme of the Hydronet

robot is shown in Fig. 23.13, while Fig. 23.14 shows the actual Hydronet robot that

was developed.

Fig. 23.13 Schematics of the HydroNet robot. All the sensors are connected to the main sampling

system

Fig. 23.14 The HydroNet robots that were developed for: (a) costal water, (b) rivers.
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The robot and sensors were part of an Ambient Intelligence platform, which

integrated not only sensors for water monitoring and robot tasks execution, but also

communication backhaul systems, databases technologies, and knowledge discovery

in databases (KDD) processes for extracting and increasing knowledge on water

management. From a scientific point of view the project was a big success, new

technologies were developed and a significant contribution wasmade is several fields.

Yet, the project did not result in a prototype that could be easily commercialized.

SHOAL84 is another example of an ambitious project that was developed under

the EU 7th framework program. The SHOAL project began in 2009 and involved

partners from France, UK, Spain, and Ireland. SHOAL aimed to develop a number of

robotic fish that will operate together in order to monitor and search for pollution in

ports and other aquatic areas. The swarms of autonomously controlled robots were

equipped with an array of chemical sensors that were able to locate pollution and

identify its source. The robot was equipped with various sensors for phenols,

dissolved oxygen (DO), nutrients, and heavy metals (Cu and Pb). The chemical

sensors were based on an array of microelectrodes. Moreover, the robots were also

given intelligence so that in case that significant amount of pollution is detected, the

robots operate together communicating via ultrasonic communications to find the

source of the pollution. In other words, the fleet of sensors aimed to provide early

alarms and to determine the source of the pollution. The data from the robots were to

be used for creating a real-time map of the pollutants present in the water and their

concentration and location on a 3D map of the port. The robots were constructed to

mimic real fish so as not to alarm other marine inhabitants. Two prototypes were

constructed SHOAL-1 (Fig. 23.15a) and SHOAL-2 (Fig. 23.15b). The project

officially ended in may 2012 after a successful test in port of Gijon, Spain.

SHOAL was not the first project to develop a robot that mimics the behavior of

fish. Unlike the other projects, which are based on a sophisticated robotic platform,

the Bayen group from UC Berkley designed a simpler system (see Fig. 23.16). They

based their system on a mobile floating sensor network.85 The sensors were put into

a floating device equipped with a cellular device (smart-phone) which served as the

microprocessor. The devices were then scattered in estuarine environments and

rivers and were carried by the current trough the area of interest. The data from the

Fig. 23.15 (a) Prototype of SHOAL-1 that was shown in the London Science Museum. (b) The

prototype of SHOAL-2 during a live test
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sensors were transmitted via the cellular phone network using a special application

or a short-range wireless radio. The movement of the sensors was tracked by GPS

providing a virtual map of the current and the different measured parameters. This

information helped to track the movement of the contaminants in real time. Since

they used a large number of these sensors, and recorded the combined data, they

gathered enough information to get a reliable picture about how contaminated the

area was. This approach is characterized by its simplicity and low-power consump-

tion; on the other hand, the devices lack any real navigational abilities. Although

there was developed a more advanced model that has a propeller, which can assist

the sensor to avoid obstacles once the sensors are deployed, no route adjustment can

be made, and it is hard to repeat a measurement. To solve this issue a large number

of sensors must be deployed. Furthermore since the device cannot navigate back to

its base, a collection mechanism needs to be established. Today the researches are

waiting at the end of the route to collect each device.

These projects are just the tip of the iceberg. Organization such as

GEOTRACES86 which are interested in the distribution of the different elements

in the environment under different conditions, as well as environmental agencies

such as EPA, which are more interested in mapping and preventing pollution, are

pushing all the time for more sophisticated platforms and more accurate sensors.

These demands help to push science into its limits and beyond. We believe that with

time more collaborations will lead to significant improvements making an auton-

omous remote sensing a common daily routine.

23.4 Conclusions and Perspectives

Clearly remote environmental sensing is going to play an increasing role in our

attempts to understand anthropogenic and natural processes. The ability to monitor

the environment in space and time in not only crucial for understanding processes

but also as a measure of protection, that could serve as early alarm in cases of

sudden pollution or environmental changes. Surveying the development of remote

Fig. 23.16 The two main types of floating sensors. On the left, the passive sensors that are driven
by the flow. On the right, the sensors that have a propeller to maneuver them when encountering

obstacles. Reproduced with permission from reference (85)
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environmental monitoring is fascinating and reveals tremendous efforts usually

funded by governmental and legislation agencies. Clearly, the progress in this area

lags behind the need. At the same time, the lack of commercial systems also inhibits

legislation, which has also an effect on commercialization of new products.

Remote environmental sensing systems, which will be able to eventually make it

to the market, require the development of an entire platform, which includes an

autonomous vehicle and miniaturized sensors. This, in fact, requires assembling

many subunits such as power, control, and navigation systems as well as sampling

and flow systems for the sensors. Recently and mostly by the support of the EU we

have witnessed such efforts to bring together under one umbrella the various

expertise and skills that are needed to develop such systems. A major challenge

still lies in constructing the sensors. There is a very large gap between a prototype

that is developed in the laboratory and a final device that can be called a sensor.

Measuring continuously a signal (especially of low concentration) in the environ-

ment by a sensor poses some challenges such as calibration, cleaning, and others,

which are very often underestimated by scientists. It seems that much more efforts

are required before durable, reliable, yet relatively cheap and robust sensors could

be easily integrated in remote environmental monitoring units. Clearly, there is still

to be accomplished in this important and challenging field.
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Lasr-induced fluorescence (LIF), 617, 631–632

Layer-by-layer deposition, 174, 285, 510,

517, 542

LbL deposition. See Layer-by-layer deposition

L-cysteine, 420

Lead (Pb), 11, 35, 37, 38, 42, 70, 75, 82, 83,

85, 87, 88, 97, 98, 168, 180, 187, 217,

324, 357, 410, 420, 538, 577, 674

Lead film electrode (PbFE), 407

Least squares regression, 425

Lepomis macrochirus, 113

L-glutamate, 115
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Ligand, 66, 67, 84, 136, 223, 249,

279, 316, 319, 424, 434, 436,

444, 452

Light addressable potentiometric sensor

(LAPS), 359, 361–362

Limit of detection (LOD), 12, 101, 110,

168–170, 172, 179, 183–185, 229, 291,

292, 294, 297, 298, 300, 337, 339–341,

343, 344, 424, 437, 511, 512, 636–638,

641, 644, 660, 676

Linear alkylbenzene sulphonates (LAS), 342

Linear range, 44–46, 292, 294, 297, 298,

300, 420

Linear sweep voltammetry (LSV), 243,

267–269, 271, 341, 380–382, 389,

396, 408, 424, 570

Liquid crystal, 416, 418

Liquid junction, 139, 140, 193, 195, 198–201,

206–213, 217, 218

Liquid/liquid extraction, 621, 624

Liquid membrane, 213, 219, 221

Lithography, 412, 536–538, 594, 619, 620

LMA. See Lockheed Martin Astronautics

(LMA)

Lockheed Martin Astronautics (LMA), 133

LOD. See Limit of detection (LOD)

LPCVD. See Chemical vapor deposition, low

pressure

LSV. See Linear sweep voltammetry (LSV)

Lyophilization, 12

M

MACE. See Mars Aqueous Chemistry

Experiment (MACE)

Macrocyclic compounds, 444–446

Macro electrode, 373–397, 530–532, 583,

587, 596, 598, 632

Macroporous chalcogenides, 416

Magnetic separation, 317

Magnetolithography, 536

Magnetron, 539, 540

Malathion, 293

Malonic acid, 436

Manganese, 446

Manganese oxide, 16, 18, 496

Manganese phthalocyanine, 446

Marine-carbonate, 82

Mariner 2, 132

Mars, 131–138, 140–143, 145–147

Mars Aqueous Chemistry Experiment

(MACE), 133

Mars Environmental Compatibility

Assessment (MECA), 133

Mars Exploration Rover (MER), 131

Mars Science Lab (MSL), 131, 147

Mars Surveyor Program (MSP), 133

Mass spectrometry (MS), 13, 100, 102, 182,

185, 638

Mass transducers, 659–660

Mass transport, 180, 208, 222, 234, 248,

252–254, 279, 285, 353, 374–382,

389, 396, 437, 449, 532, 533, 544,

553, 583, 595, 596, 604, 639

Matrix interferences, 78, 179

McMurdo Dry Valley, 142

MECA. See Microscopy, Electrochemistry,

and Conductivity Analyzer (MECA)

Mediator, 161, 176, 196, 289, 290, 432, 438,

443, 446, 447, 451, 452, 512, 517, 534,

545, 576, 641

Medium exchange, 450

Membrane

coverage, 534, 544

covered electrode, 286

mitochondrial, 106

porous, 413–414

potential, 81, 108, 207, 218, 547

selectivity, 224, 229

MEMS. See Micro electro mechanical system

(MEMS)

MER. See Mars Exploration Rover (MER)

Mercaptodecanol, 334

6-Mercapto-1-hexanol, 316, 317

2-Mercaptoimidazole, 444

5-Mercapto-1-methyltetrazole, 439, 442

(3-Mercaptopropyl)sulfonate, 427

2-Mercapto-4(3H)-quinazolinone, 439

Mercaptoundecanoic acid, 334

Mercury

electrode, 175, 244, 317, 405, 532, 681

film, 38, 405, 409, 410, 680

Mercury film electrode (MFE), 7, 11, 38,

83, 279, 403, 404, 406, 408–410,

436, 538

Mercuryphobia, 4, 11

Mesostructured materials, 416, 418

Metabolites, 106, 172, 185, 324, 341, 342

Metal alkoxide, 415, 419

Metal alkoxylate, 542

Metal film electrodes (MFEs), 406–407, 538

Metallic nanoparticles, 175

Metalloids, 8, 9, 75

Metalloporphyrins, 223, 225, 226, 656,
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702 Index



Metal nanoparticles, 291, 296, 336, 343, 406,

437, 498

Metal oxide, 157, 362, 403, 406, 413, 415, 416,

420, 437–439, 441–443, 447, 452, 498,

541, 543, 658–660

Metal oxide nanoparticles, 499

Metal oxide semiconductor, N-type

(NMOS), 657

Metal oxide semiconductors, 157, 657–658

Metals, 4, 7–10, 38, 66–68, 75, 78, 81, 86, 97,

99, 102, 118, 132, 160, 169, 174, 180,

183, 187, 277, 279, 284, 286, 287, 290,
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410, 412, 416, 421, 423, 424, 427–429,
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Methane, 34, 187

Methylene blue (MB), 316, 317, 319

Methyl parathion (MP), 83, 291–293, 299,

300, 420

Metrohm, 4, 335

MFE. See Mercury film electrode (MFE)

Micellar electrokinetic chromatography

(MEKC), 631, 637

Micelle, 356, 416, 637

Microbe, 140, 302, 332

Microchip, 101, 112, 120, 616–620, 624–626,

629–631, 634–639, 644, 645

electrophoresis, 634–637

HPLC, 638

Micro-contact printing, 537, 538, 588

Microcystins, 342, 343

Microcystis sp., 324, 342
Microdevices, 623, 624, 634

Microdialysis, 114, 115, 680

Microdisk, 586

Microelectrochemical sensors, 358

Microelectrode, 84, 85, 115, 116, 138, 257,

261, 373–397, 405, 532, 552,

583–586, 588, 597, 598, 603, 604,

606, 684

Microelectrode array, 115, 585, 586, 597, 598,

603, 604

Micro electro mechanical system

(MEMS), 529

Microextraction, solid-phase (SPME), 78–79,

515

Microfabrication, 81, 120, 163, 314, 585, 588,

616–621, 623, 631, 632, 638, 639, 642,

644, 645

Microfluidic chemical sensors, 643–644

Microfluidic DNA-sensors, 642–643

Microfluidic enzyme-sensors, 641–642

Microfluidic immunosensors, 639–641

Microfluidic platform, 616–618,

621–645

Microfluidics, 120, 186, 616, 621–624, 629,

640, 645

Microlithography, 532

Micromachines, 529

Micro-optoelectro-mechanical system

(MOEMS), 529

Microorganism, 6, 12, 27, 64, 68, 105,

111–113, 187, 287, 321, 342, 517

Micropumps, 627, 680

Microscopy, Electrochemistry, and

Conductivity Analyzer (MECA),

131, 134

Micro-separation, 630

Microsystem, 529, 615, 616, 627, 628, 631,

635, 639

Micro total analysis/analytical systems (μ-
TAS), 120, 163, 615, 616

Microwave-assisted digestion, 99

Migration, 115, 208, 253, 254, 374–376, 397,

533, 626

Mineralization, 29, 30, 33

Miniaturization, 102, 120, 148, 149, 159,

163, 174, 186, 187, 235, 291, 296,

314, 315, 405, 529, 554, 583, 599,

604, 607, 615, 616, 620, 625, 627,

631, 632, 639, 640, 642, 644

Mining tailing, 75

MISFET. See Field effect transistor, metal

insulator semiconductor

Mitochondria, 105, 106

Mitomycin C, 320

Mitoxantrone, 320

Mobile remote electrochemical sensing,

676–679

Mobile sensor platform, 51

Modified electrode, 8, 116, 157, 161, 162,

174, 196, 245, 253, 269, 277, 290,

319, 351–357, 367, 403–405,

420–427, 430, 433–437, 441,

442, 450–452, 504, 520, 678

MOEMS. See Micro-optoelectro-mechanical

system (MOEMS)

Molding, 537, 619

Molecular aggregates, 413, 419, 658–659

Molecular imprinting, 546–547

Molecular imprinting polymers (MIPs), 546

Molybdenum, 96
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Monitoring, 6, 32, 63, 95, 112, 139, 158, 167,

200, 264, 286, 314, 359, 403, 497, 570,

615, 667

Monoamine oxidase, 430

Monoamines, 108

Monocrotophos, 292, 293

Monolayer, 174, 340, 342, 366, 406, 415,

419, 421–435, 501, 507–509, 516,

537, 541–542, 641

Monolayers, multi-stacked, 541–542

Montmorillonite, 24, 434

Moraxella sp., 177, 298

MPCVD. See Chemical vapor deposition,

microwave plasma assisted

MS. See Mass spectrometry (MS)

MSL. See Mars Science Lab (MSL)

MSP. See Mars Surveyor Program (MSP)

Multicomponent, 7, 359, 363, 440, 505–507,

520, 652

Multi-ISFET sensor chip, 48

Multiparametric, 163, 615

Multiparametric analysis, 603

Multiple LAPS (MLAPS), 362

Multiplexed electrodes, 603, 604

Multiwalled carbon nanotubes (MWCNTs),

318, 324, 331

Muscovite, 441

MWCNT. See Carbon nanotube, mulit-walled

Mycobacterium tuberculosis, 319

Mytilus edulis, 113

N

NADH. See Nicotinamide adenine

dinucleotide, reduced (NADH)

NAD+. See Nicotinamide adenine

dinucleotide, oxidized (NAD+)

Nafion®, 110, 339–341, 356, 357, 404, 420,

434, 436, 448, 515, 544

Nanoelectrode (NEs), 374, 405, 406, 414,

583–607

Nano-electrospray, 638

Nanoimprint lithography (NIL), 536

Nanolithography, 536, 594–595

Nanomaterials, 76, 82, 111, 161, 162, 175, 186,

291, 317, 318, 343, 357, 406, 412, 413,

442–443, 498, 501–503, 521
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415, 429, 437, 443, 498, 535, 536, 542,
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Nanoparticle tracking analysis (NTA), 339

Nanopatterning, 594

Nanopore electrode, 392–393

Nanorods, 413, 414

Nanosized materials, 443, 497–521, 554

Nanostructure deposition, 509

Nanostructured surfaces, 511, 512, 514,

516, 517

Nanostructures, 4, 175, 318, 403, 412–420,

427, 498, 502, 503, 506, 507, 509–512,

514–517, 519, 520, 536, 544, 545

Nanotechnology, 76, 120, 291, 296, 615, 645

Nanotubes, 343

Nanowires, 291, 319, 413, 414, 417, 498, 589,

592, 593, 600, 632

Naphthalene, 100

Naphthazarin, 444

Naphthoquinone (NQ), 110, 111

NASA, 132–134, 137, 147, 149

NASICON, 573

Nasicon, 573

Natural olfaction, 652, 663

N-channel metal oxide semiconductor field

effect transistor, (n-channel

MOSFET), 359

NERNST, 149–150

Nernst equation, 67, 136, 146, 196–201, 226,

228, 247, 547, 573

Nernstian response, 199, 221, 225, 226, 644

Nernst–Planck equation, 208, 210, 253, 375

Nerve agent, 174, 635

Neuron, 105, 107, 108, 110, 112, 651, 663

Neurotoxic effects, 170

Neurotransmitters, 107, 108, 110, 114–116,

158, 405

Neutral carrier, 222

NHE. See Normal hydrogen electrode (NHE)

N-hydroxysuccinimide (NHS), 334, 424, 426,

435, 641

Nickel, 44, 71, 87, 97, 98, 279, 414, 442

Nickel-copper alloy, 404

Nickel nanoparticles, 176

Nickel nanoshells, 110

Nicotinamide adenine dinucleotide, oxidized

(NAD+), 106, 289, 517

Nicotinamide adenine dinucleotide, reduced

(NADH), 106, 107, 289, 290, 419,

420, 430

Nikolsky(-Eisenman) equation, 136, 201, 222

NIL. See Nanoimprint lithography (NIL)

Nitrate, 33, 34, 41, 43, 48, 49, 68, 82, 87, 97,

99, 102, 170, 172, 179, 187, 195, 222,

286, 289–291, 301, 361, 516, 644,

677, 681
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Nitrated polyaromatic hydrocarbon
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Nitrilotriacetic acid, 435

Nitrite, 75, 87, 106, 170, 187, 286, 301, 356,

420, 446, 448, 516, 644

Nitroaromatics, 86, 420, 512, 636

4-Nitrobenzenediazonium

tetrafluoroborate, 430

Nitrobenzenes, 301, 420, 430

Nitrocellulose, 620

Nitrogen, 9, 12, 26, 30, 31, 33, 34, 39, 42,

75, 95, 96, 118, 172, 187, 428, 448

Nitrogen compound, 187

Nitrogen dioxide (NO2), 9, 10, 44, 96, 142,

170, 215, 363, 512, 513, 576, 579,

636, 676

Nitrogen oxides (NOx), 10, 64, 95–96, 102,

187, 363, 573

Nitro group, 177, 431

4-Nitrophenol (PNP), 177, 298

Nitrophenols, 177, 178, 412, 635

2-Nitrophenyloctyl ether (o-NPOE, NPOE),

44–48

1-Nitropyrene, 341

4-Nitroquinoline-N-oxide (4-NQO), 323

Nitroso group, 10

Nitrotoluene, 420

N-methyl-N-nitro-nitrosoguanidine

(MNNG), 323

N,N-dimethylformamide, 46

N-nitrosoamines, 10

Noble metals, 334, 403, 404, 409, 418, 498,

503, 508, 513, 514, 530, 549

Nodularin, 342

Non-contact electromagnetic induction (EMI)

sensor, 40

Nonionic surfactants, 449

Nonylphenol, 177, 298, 301, 341

Norepinephrine, 108

Normal hydrogen electrode (NHE), 138, 550

Nostoc sp., 342
NPAH. See Nitrated polyaromatic hydrocarbon

(NPAH)

Nucleotide, 313, 341, 430

Nürnberg, H.W., 7

Nutrients, 27, 29–33, 35, 36, 42–54, 75, 118,

158, 285, 673, 684

Nylon-polyamide, 284

O

Octanethiol, 423

ODN. See Oligonucleotide (ODN)

OH-PAH. See Hydroxylated polyaromatic

hydrocarbon (OH-PAH)

Olfaction, 651, 652, 656, 663

Olfactory receptors, 651, 656, 663

Oligonucleotide (ODN), 313, 316–318, 323,

325, 430, 518, 604

OMD. See Organic metal deposition (OMD)

Oncorhynchus mykiss, 113

o-NPOE. See 2-Nitrophenyloctyl ether
(o-NPOE, NPOE)

On site monitoring, 88, 159

OPC. See Organophosphorous, comopounds

OPEE. See Organic phase enzyme electrode

(OPEE)

Open-circuit, 116, 240, 448, 449, 571, 573

Open circuit potential (OCP), 193, 206, 422,

425, 436, 682

OPH. See Organophosphate hydrolase (OPH)
Opportunity, 131, 132, 569

Optically transparent electrodes, 406

Orange II, 321

Organic aerosol, 98–101

Organic-inorganic hybrid material, 440

Organic ligand, 444, 452

Organic metal deposition (OMD), 540

Organic phase enzyme electrode (OPEE), 175

Organic pollutants, 10, 29, 31, 76, 163,

174, 181, 184, 186, 426, 437, 442,

444, 452

Organic wastes, 38

Organochlorine compounds, 341–342

Organometallic compounds, 9, 443, 444,

446–447, 501, 540

Organophosphate hydrolase (OPH), 178

Organophosphate nerve agents, 174, 635

Organophosphates, 10, 119, 174, 178,

287, 338, 362, 439, 446, 449,

635, 642, 678

Organophosphorus (OP), 72, 178, 185, 286,

288, 290, 319, 361, 364. 449, 516

compounds, 178, 287

hydrolase, 286, 362

pesticide, 178, 290, 516

Organo-trialkoxysilane, 439

Orion, 4

ORP. See Oxidation-reduction potential (ORP)

Oscillatoria sp., 342

Osmium, 317

Osmium tetroxide, 316

Oxalic acid, 413

Oxidation-reduction potential (ORP), 27, 86,

87, 132, 135, 137, 138, 146, 676

Oxidation state, 13, 66, 83, 135, 249, 279,

408, 539

Oxide ion, 571
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Oxides, 145, 157, 362, 407, 499, 501, 530,

540, 543, 571, 636

Oxygen, 4, 12, 26, 30, 64, 67, 85–87, 96, 106,

113, 116, 146, 156, 158, 177, 187, 195,

279, 283, 285–288, 291, 296, 420, 447,

543, 548, 569–577, 593, 620, 657, 658,

677, 681, 684

Oxygen equivalents, 288

Oxygen sensor, solid state, 158, 577

Ozone, 96–97, 102, 358, 576

P

PAHs. See Polyaromatic hydrocarbons (PAHs)

Palladium, 422, 660

PalmSens, 4, 5, 335

P-aminophenol, 298, 635

P-aminophenyl acetate, 430

PANI. See Poly(aniline) (PANI)
Parabens, 340, 624

Paraffin wax, 409

Paraoxon, 290, 293, 294, 299, 300, 339

Parathion, 83, 280, 291–294, 299, 300, 365,

420, 439
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179, 443, 452, 531, 622

Passive sampling technology, 77

Paste electrodes, 531

Pathfinder, 131, 132

PAT transgene, 112

Pb. See Lead (Pb)

PbFE. See Lead film electrode (PbFE)

PCB. See Polychlorinated biphenyl (PCB)

PCP. See Pentachlorophenol (PCP)
PCR. See Polymerase chain reaction (PCR)

P-cresol, 298

PDMS. See Polydimethylsiloxane (PDMS)

PDMS microchips, 618, 620, 636

PECVD. See Chemical vapor deposition,

plasma-enhanced
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Pedosphere, 23, 24

Pencil graphite electrode (PGE), 318, 319
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Permeability, 204, 230, 232, 421, 426, 434,

436, 504
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577–579, 628, 644, 668, 674, 675, 677,

411, 419

Pharmaceuticals, 3, 76, 114, 120, 167,

170–172, 174, 177, 181–182, 185, 187,
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Phenanthrene, 341

Phenanthroline, 44, 316, 324, 444
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297, 426, 449
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Phenothiazines, 443, 446
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298, 317, 323, 337, 439, 443, 512,
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Phospholipid, 106

Photoablation, 619, 620

Photodiodes, 183, 653

Photolithographic, 537, 588, 617

Photolithography, 412, 536, 537, 588–589,

594, 616

Photomask, 536, 618

Photoresist, 536, 588, 617, 618

Photosynthesis, 81, 113

Photosynthetic activity, 112

pH sensors, 145, 290, 360, 419, 430, 432,
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pH sensor, solid state, 221

Phthalates, 10, 340
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See Hydroquinone, 177
Physical sensors, 158, 676

Phytoestrogens, 340

Picric acid, 412

PIDS. See Poly(isophthalamide

diphenylsulphone) (PIDS)

Piezoelectric crystal, 366, 659

Piezoelectric effect, 363, 659, 660
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596, 632

Plant growth regulator, 287
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412, 427, 540, 590, 593, 620, 681
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Plow layer depth, 34

PM. See Particulate matter (PM)
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P-nitrophenols, 177, 298
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Poly(cyclopentadithiophene), 319

Poly(dimethyldiallylammonium chloride), 318

Poly(guanine), 320

Poly (Poly-HEMA), 137

Poly(L-lysine), 319

Poly(methylene blue), 319

Poly(methylmethacrylate) (PMMA), 415, 619,

620, 635–637

Poly(pyrrole), 539

Poly(tetrafluoroethylene) (PTFE), 575

Poly(thiophene), 539

Poly(vinyl alcohol), 434, 543

Poly(vinyl chloride) (PVC), 187

Poly(vinylalcohol) (PVA), 176, 286, 434, 543

Poly(vinylferrocenium) (PVF+), 319

Poly(vinylpyridine) (PVP), 319, 343

Poly(hydroxymethyl acrylate), 137

Polyaromatic hydrocarbons (PAHs), 10, 100,

174, 179–180, 183, 341, 624

Polyazetidineprepolymer (PAP), 176

Polybisphenol-A, 177, 301, 322, 340, 446

Polybrominated biphenyls, 76, 100, 177, 183,

323, 341, 342

Polybrominated diphenyl ethers (PBDEs), 100

Polycarbonate, 285, 413, 503, 589, 592–594,

619, 622, 642

Polychlorinated, 76, 100

Polychlorinated biphenyl (PCBs), 100, 177,

183, 323, 340–342

Polychlorinated dibenzo-p-dioxins and furans

(PCDD/Fs), 100

Polychlorinated naphthalenes (PCNs), 100

Polycyclic aromatic amines, 321

Polycyclic aromatic hydrocarbons (PAHs), 71,

76, 95, 100, 179–180, 436, 449

Polydimethylsiloxane, 537

Polydimethylsiloxane (PDMS), 537

Polyelectrolyte, 115, 301, 397, 542

Poly-HEMA. See Poly (hydroxymethyl

acrylate) (Poly-HEMA)

Polymerase chain reaction (PCR), 323, 626

Polymeric layer, 430, 431

Polymerisation, in situ, 434

Polymer membranes sensors, 43

Polymethyl methacrylate (PMMA), 415, 619,

620, 635–637

Polyoxometallates (POMs), 440
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