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Analytical Chemistry 


This series of texts is a result of an initiative by the Committee of 
Heads of Polytechnic Chemistry Departments in the United King
dom. A project team based at Thames Polytechnic using funds avail
able from the Manpower Services Commission 'Open Tech' Project 
has organised and managed the development of the material suit
able for use by 'Distance Learners'. The contents of the various 
units have been identified, planned and written almost exclusively 
by groups of polytechnic staff, who are both expert in the subject 
area and are currently teaching in analytical chemistry. 

The texts are for those interested in the basics of analytical chemistry 
and instrumental techniques who wish to study in a more flexible 
way than traditional institute attendance or to augment such atten
dance. A series of these units may be used by those undertaking 
courses leading to BTEC (levelS IV and V), Royal Society of Chem
istry (Certificates of Applied Chemistry) or other qualifications. The 
level is thus that of Senior Technician. 

It is emphasised however that whilst the theoretical aspects of ana
lytical chemistry can be studied in this way there is no substitute for 
the laboratory to learn the associated practical sk ills. In the U.K. 
there are nominated Polytechnics, Colleges and other Institutions 
who offer tutorial and practical support to achieve the practical ob
jectives identified within each text. It is expected that many institu
tions worldwide will also provide such support. 

The project will continue at Thames Polytechnic to support these 
'Open Learning Texts', to continually refresh and update the mate
rial and to extend its coverage. 

Further information about nominated support centres, the material 
. .,' 	 or open learning techniques may be obtained from the project office 

at Thames Polytechnic, ACOL, Wellington St., Woolwich, London, 
SE186PF. 
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How to Use an 
Open Learning Text 

Open learning texts are designed as a convenient and flexible way of 
studying for people who, for a variety of reasons cannot use conven
tional education courses. You will learn from this text the princi
ples of one subject in Analytical Chemistry, but only by putting this 
knowledge into practice, under professional supervision, will you 
gain a full understanding of the analytical techniques described. 

To achieve the full benefit from an open learning text you need to 
plan your place and time of study. 

• 	 Find the most suitable place to study where you can work without 
disturbance. 

• 	 If you have a tutor supervising your study discuss with him, or 
her, the date by which you should have completed this text. 

• 	 Some people study perfectly well in irregular bursts, however 
most students find that setting aside a certain number of hours 
each day is the most satisfactory method. It is for you to decide 
which pattern of study suits you best. 

• 	 If you decide to study for several hours at once, take short breaks 
of five or ten minutes every half hour or so. You will find that 
this method maintains a higher overall level of concentration. 

Before you begin a detailed reading of the text, familiarise yourself 
with the general layout of the material. Have a look at the course 
contents list at the front of the book and flip through the pages to get 
a general impression of the way the subject is dealt with. You will 
find that there is space on the pages to make comments alongside the 
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text as you study-your own notes for highlighting points that you 
feel are particularly important. Indicate in the margin the points you 
would like to discuss further with a tutor or fellow student. When 
you come to revise, these personal study notes will be very useful. 

n 	 When you find a paragraph in the text marked with a symbol 
such as is shown here, this is where you get involved. At 
this point you are directed to do things: draw graphs, answer 
questions, perform calculations, etc. Do make an attempt at 
these activities. If necessary cover the succeeding response 
with a piece of paper until you are ready to read on. This is 
an opportunity for you to learn by participating in the subject 
and although the text continues by discussing your response, 
there is no better way to learn than by working things out 
for yourself. 

We have introduced self assessment questions (SAQ) at appropriate 
places in the text. These SAQs provide for you a way of finding out 
if you understand what you have just been studying. There is space 
on the page for your answer and for any comments you want to 
add after reading the author's response. You will find the author's 
response to each SAQ at the end of the text. Compare what you 
have written with the response provided and read the discussion 
and advice. 

At intervals in the text you will find a Summary and List of Objec
tives. The Summary will emphasise the important points covered by 
the material you have just read and the Objectives will give you a 
checklist of tasks you should then be able to achieve. 

You can revise the Unit, perhaps for a formal examination, by re
reading the Summary and the Objectives, and by working through 
some of the SAQs. This should quickly alert you to areas of the text 
that need further study. 

At the end of the book you will find for reference lists of commonly 
used scientific svmbols and values, units of measurement and also a 
periodic table. 



Contents 


Study Guide. . . . . . 

Supporting Practical Work 

Bibliography. . . . . . 

1. Classical dc Polarography 
1.1. 	 Introduction. . . 
1.2. 	Circuitry and Cell Design 
1.3. 	The Dropping Mercury Electrode. 
1.4. 	 Solution Conditions . . . . . . 
1.5. 	Theory and Form of Current/Potential 

Relationship . . . . . . . . . . . 
1.6. 	 Qualitative and Quantitative Analysis of 

Metallic Cations .... 
1.7. 	 Limitations and Problems. 

2. Electrode Processes. . . . . . 
2.1. 	 Reversible and Irreversible Processes 
2.2. 	Types of Current found in Polarography 
2.3. 	The Role of pH. . . . . . . . . . 
2.4. 	 The Role of Solvent . . . . . . . . 
2.5. 	 Functional Groups in Organic Polarographic 

Analysis . . . . . . . . . . . . . . 
2.6. 	The Role of Complexation in the Polarographic 

Analysis of Metallic Ions . . . . . . . . . 
2.7. 	The Use of Electrodes other than the Dropping 

Mercury Electrode 

3. Pulse Polarographic Techniques 
3.1. 	 Introduction. . . . . 
3.2. 	The Limitations of dc Polarography 
3.3. 	Normal Pulse Polarography (npp) . 
3.4. Differential Pulse Polarography (dpp) 
3.5. 	Choice of Operating Parameters in Pulse 

Polarography . . . . 

xi 


xiii 


xvii 


xxi 


1 

2 

5 


22 

'''i 39
'" 

50 


79 

95 


100 

100 

106 

13] 

140 


143 


146 


149 


159 

159 

160 

163 

167 


172 




XII Analytical Chemistry 

4. Stripping Voltammetry 	 179 

4.1. 	 Introduction. . 179 

4.2. 	 The Deposition Step. 181 

4.3. 	The Stripping Step. . 186 

4.4. 	 Suitable Analytes for Stripping Voltammetry. 193 


5. Polarography /Voltammetry and the Analyst . . 200 

5.1. 	 Analytical Instrumentation in Perspective. 200 

5.2. 	The Relative Merits of Polarography as a 


Determination Step . . . . . . . . . 203 

5.3. Separation Steps Employed with Organic 


Polarographic Analysis in Biological Fluids 208 

5.4. 	The Use of Derivitization in Polarographic 


Analysis . . . . . . . . . . . . 214 

5.5. 	 Surface Active Agents and Polarographic 


Analysis . . . . . 215 

5.6. Calibration Methods. . . . . 	 217 


Self Assessment Questions and Responses. 	 224 


Units of Measurement. . . . . . . . 	 277 




--

Study Guide 


In recent years electrochemistry has undergone a revival, particu
larly in its analytical applications. Gone are the days when the main 
applications centred around such techniques as the measurement of 
pH values or the polarographic analysis of mixtures of metal ions. 
Not only has the accuracy of these methods been drastically im
proved but exciting advances have resulted in the establishment of 
new techniques. This has been helped by advances in instrumenta
tion and electronic circuitry. New polarographic techniques, some 
with detection limits of lO-H to 10-9 mol dm- 3 , have been devel
oped and applied to the determination of oxygen in gas mixtures, 
biological fluids and water in addition to metal ions. Polarographic 
methods are now widely used in the analysis of organic compounds 
including naturally occurring mycotoxins (eg fungal metabolites), 
compounds used to improve food yields (eg insecticides and fungi
cides) and environmental pollutants (eg nitrosamines, detergents, 
azo dyes). 

Such non-destructive methods, with rapid response times and low 
detection levels are now in competition with other methods of anal
ysis, such as spectrophotometry and AAS. 

This Unit is designed to introduce you to a wide range of voltammet
ric techniques. It is intended to impart sufficient knowledge to en
able you to understand the basic theory, the practical aspects and the 
scope of each technique and to enable you to relate the techniques 
via features they have in common such as electrode and solution 
behaviour and electrical circuitry. You will not become a practic
ing expert in anyone of these methods - quickly, this will require 
more study and certainly more practical experience. On comple
tion of this Unit you should be able to select a suitable method for 
a particular application and you will be prepared for further more 
detailed study of individual techniques. A good basic understanding 
of how the technique works is necessary in order to be able to use 
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it in an intelligent manner, for example in the choice of operating 
parameters. In real life applications in the laboratory, you will have 
to use publications in the literature, and this Unit will introduce you 
to the terminology that you will encounter. 

In someways it is even more important to know when and why a 
method will not work. You will learn that in general only diffusion 
controlled polarographic waves are of analytical value. The other 
types of process are discussed, not only out of any theoretical inter
est, but so that they can be identified and avoided in practice. The 
all important analytical application must always be in mind and how 
it might be affected by the material under study at the moment. 

The text contains many examples of the electrochemical behaviour 
of compounds or classes of compounds. These are included as illus
trations to help your understanding of the general principles,and to 
relate those principles to some real compounds. It is not intended 
that you should try to remember any details of these examples, it is 
the principle that counts. Working in a real laboratory you will build 
up your own experience of a range of compounds that would prob
ably be more useful to you in that environment than the examples 
included here. 

To achieve these objectives you are first introduced to some of the 
basic definitions, conventions, theoretical principles and practical 
approaches of solution electrochemistry. Only those aspects of the 
subject relevant to subsequent studies of voltammetric analytical 
techniques are covered. The remainder of the Unit is then devoted 
to a discussion of these analytical methods. 

It is assumed that you have attained at least level 111 in Chemistry 
(BTEC) or GCE 'A'-Ievel with a good understanding of the Physi
cal Chemistry components. In addition, some study of Physics up to 
'O'-level or level 1I (BTEC) would be of benefit in understanding 
ions: their associated electrical fields, coulombic forces and electri
cal conduction. 

SI units are used extensively, others are used as necessary. Some 
tables showing the relationship between the various units are pro
vided. 
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Many texts are quoted as supplementary reading for this Unit. Un
fortunately, no one book covers all the aspects dealt with here. As 
a general introduction the books by Fifield and Kealey, and Crow 
and Westwood are useful. 

You are reminded that other Units in the ACOL scheme are de
voted to other electro-analytical techniques. Those available at the 
moment are: Principles of Electroanalytical Methods (some of the 
material overlaps with this Unit); Potemiometry and Ion-selective 
Electrodes. 

It is hoped that as a result of studying this Unit you will be encour
aged to study further in the area of electro-analytical chemistry. If 
you come to realise the potential and the advantages of some of 
these techniques and become a user then even better. 



Supporting Practical Work 


1. 	 GENERAL CONSIDERATIONS 

Experimental facilities for dc polarography are available in most 
laboratories. It is strongly recommended that three-electrode cir
cuitry is used for even the simplest experiment. Potentiostat circuits 
capable of de mode experiments can be made cheaply and it is coun
terproductive to use old fashioned two-electrode equipment. The 
more advanced forms of polarography and stripping voltammetry 
do require that commercial apparatus be available but one piece of 
equipment can often be used for all the experiments. The experi
ments suggested are designed for the most part to occupy a three 
hour laboratory period. 

2. 	 AIMS 

There are three principal aims. 

(a) 	 To provide a good grounding in voltammetric techniques by 
means of experiments designed to illustrate the principles of dc 
polarography. 

(b) 	To give experience in the assembly of apparatus using three
electrode circuitry and in the choice of electrodes, solvents, 
supporting electrolytes for a particular analysis. 

(c) 	To give experience of realistic analyses using the following tech
niques: 

(i) dc polarography; 

(ii) normal pulse polarography; 
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(iii) differential pulse polarography; 

(iv) anodic stripping voltammetry. 

3. 	 SUGGESTED EXPERIMENTS 

1. Using pure chemicals 

(a) 	 Use a 3-electrode dc polarograph to produce polarograms for 
Cd(II) and Zn(II) in aqueous 0.1 mol dm -3 KCI. Investigate the 
effect of: 

(i) deoxygenation; 

(ii) maximum suppressor; 

(iii) height of mercury column; 

(iv) change of supporting electrolyte, eg (C2Hs)4NBF4. 

(b) 	Analyse an approximately 10- 4 mol dm -3 aqueous solution of 
Cd(IJ) using dc polarography. 

(c) 	Compare the dc, normal pulse, differential pulse methods by 
analysing an approximately 10-4 mol dm -3 aqueous solution 
of Cd(Il). Use this experiment also to investigate the effect of 
instrument variables on preformance, eg pulse amplitude, scan 
rate, drop time. 

(d) 	Determine Pb(Il)present at the ppb level in an aqueous solution 
of Pb(N03h using anodic stripping voltammetry at a mercury 
film or hanging mercury drop electrode. 

2. Realistic Samples 

These experiments would take more than one 3-hour period. The 
choice would have to be left to the individual centre but examples 
are: 
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(e) heavy metals from an effluent sample. 

(f) drug from a body fluid. 

The student would be expected to use an appropriate separation 
method before selecting the best voltammetric technique, and ap
plying it using a suitable calibration method. 
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1. Classical DC Polarography 


Overview 

In this pan the emphasis is on introducing you to the physico
chemical principles that underlie all of the polarographic methods 
of analysis. There are now several forms of polarography, the more 
important of which are dealt with in later parts of this unit. 

The earliest form of polarography was dc polarography and since 
all the original theory was developed in terms of this technique, we 
will use it in order to establish principles. 

In addition to these theoretical principles we shall discuss typicaJ 
solution conditions, cell design and electrical circuitry most of which 
are factors common to all forms of polarography. 

Central to the whole treatment will be the dropping mercury elec
trode (DME) and you will be given details of the physical and elec
trical properties of this important electrode. 

Finally applications are considered and de polarography is assessed 
as an analytical method. A discussion of the limitations of the 
method leads naturally to the content of the rest of the unit. 

1 
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1.1. INTRODUCTION 

Classical dc polarography is now rarely used for analysis in modern 
industry, the method is in the main confined to teaching laboratories 
in academic institutions. Why then do we choose to begin this unit 
with a discussion of the dc method? 

We will see later (3.0 and 4.0) that there are important modern 
electro-analytical methods based on the principles of dc polarogra
phy. We study dc polarography in order to learn these principles as 
a basis for the understanding of more recent advanced methods. 

What is polarography? 

In an electrolysis cell the current produced in the cell is a measure 
of the amount of chemical change occurring at the electrodes. This 
is a well known principle embodied in Faraday's Laws. In order for 
a reaction to occur at an electrode the electrode potential must ex
ceed a certain critical value. There are a variety of electro-analytical 
techniques which are designed to measure cell current as a function 
of electrode potential. These techniques all belong to the branch 
of the electro-analytical techniques family known as voltammetry 
at finite current. If the electrode potential is changed in a linear 
mode then we have linear sweep voltammetry (LSV). Linear sweep 
voltammetry may be carried out using a variety of electrode mate
rials such as gold, platinum, carbon and also mercury. If, and only 
if, mercury in the form of a dropping mercury electrode (DME) is 
used as the working electrode, we have polarography. The working 
electrode (WE) in a cell is the electrode where the reaction of inter
est is occurring, eg in the analysis for Cu(II) ions it is the electrode 
where the reaction 

Cu2+ + 2e -+ Cu 

occurs. The mercury electrode in polarography takes a special form 
consisting of small droplets of mercury generated at the lower end of 
a glass capillary tube. This is termed a dropping mercury electrode 
(DME). 

It might be useful here to look at the family of electro-analytical 
methods. These may be classified as follows. 

----------------~---~ ...----...--...~ 
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?allkal chemistry 

Miscellaneous Voltammetry Coulometry'" 
eg Electro
gravimmetric 
analysis 

/Voltammetry 
at zero 

Voltammetry 
at finite 

Cou)ometry 
at 

Coulometry 
at 

Conductance current current controlled controlled 
methods (Potentiometry) (Voltammetry) potential current 

/
Voltammetry 

\ 
Voltammetry 

at controlled at controlled 
potential current 
eg POlarography 

Polarography is then an example of voltammetry at controlled po
tential in which the working electrode consists of a dropping mer
cury electrode and the,potential of the working electrode is changed 
in a linear mode. We shall not be concerned in this unit with any 
other parts of the above family of methods. Students who wish to ob
tain a broad overview of the whole family of methods should study 
ACOL: Principles of Electro-analytical Methods. 

Why did dc polarography rapidly disappear from analytical labo
ratories in the mid-1950's? The main application of dc polarogra
phy in analysis was to heavy metal cation analysis and the detection 
limit here is about 10-4 mol dm -;I (ca 6 ppm for copper). In the mid 
1950's atomic absorption spectroscopy (AAS) became available and 
was routinely used to analyse for heavy metal cations at < 1 ppm. 
Atomic absorption spectroscopy, although more expensive in initial 
costs, is an easier technique to use than polarography. Atomic ab
sorption spectroscopy became rapidly established as the method of 
choice and has remained so until the present day. It is only in recent 
years that advanced forms of polarography using pulse techniques 
have begun to become competitive with AAS (see Section 3.0 and 
4.0). 

During these years dc polarography has continued to playa minor 
role as a method for the analysis of organic materials and also to 
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provide evidence for the mechanism of electrode reactions, partic
ularly those involving organic species. 

It remains in this introduction to give credit to the man 
who discovered, reported and established the technique. This 
was the Czechoslovakian chemist Jaroslav Heyrovsky in 1922. 
Czechoslavakia remains to this day a centre of strong activity in 
electro-analytical chemistry. 

SAQ 1.1a Explain what feature of pqlaro~rapby· sets. it 
apartfromodl~r voltammetric techniques. 
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SUMMARY AND OBJECTIVES 

Summary 

dc polarography has been related to other electro-analytical meth
ods in general and to voltammetry at controlled potential in partic
ular. 

It has been established that by definition a dropping mercury elec
trode is necessary for the name polarography to be used. 

Although dc polarography is no longer an important analytical tech
nique, the theory is relevant to more advanced polarographic meth
ods which are of importance. 

Objectives 

You should now be able to: 

• 	 state the relative importance of dc polarography as an analytical 
method; 

• 	 identify the place of dc polarography in the family of electro
analytical methods; 

• 	 state the detection limit for metal cation analysis using de po
larography; 

• 	 state the name of the discoverer of the de polarography method 
of analysis. 

] .2. CIRCUITRY AND CELL DESIGN 

At the time that de polarography went out of fashion in the 1950's a 
two-electrode circuit was used. Even if it had continued as a compet
itive technique three-electrode circuitry would have taken over by 
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the mid-1960's. We will begin with a criticism of the two-electrode 
circuit and explain the benefits of the use of three-electrodes. 

The essential features of good cell design will then be presented. It 
should be emphasised that the change to three-electrode circuitry 
and good cell design have no effect whatsoever on the inherent 
weakness of the de technique, ie the high limit of detection. 

1.2.1. The Problems Associated with Two-electrode Circuitry 

Fig. 1.2a. Two-electrode electrolysis cell 

Consider the circuit (Fig. 1.2a). In all electrolysis-based analytical 
methods we are interested in the reaction at one electrode only. 
This electrode is termed the working electrode (WE) and it may 
be either an anode or a cathode depending on the nature of the 
analytical reaction. For example if the reduction of copper(J1) ions, 

Cu2 + + 2e -r Cu. 

is the analytical reaction then the WE is a cathode. In a two
electrode circuit, the electrode other than the WE, is termed the 
secondary electrode (SE) (alternative names are auxiliary electrode 
and counter electrode). There is a tendency to ignore the chem
istry occurring at the SE. This can sometimes cause problems in 
other electro-analytical methods but rarely in polarography. The 
voltmeter reading in the circuit of Fig. 1.2a is a measure of the 
difference between the electrode potentials of the two electrodes 
together with the ohmic drop (IR) due to the resistance (R) of the 
electrolyte between the electrodes 
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v = E(anode) - E(cathode) + IR (1.2a) 

where V is the voltmeter reading, ie the cell voltage. 

If the cell current in a two-electrode cell is 10 /lA and the 
cell resistance is 20 n, what are the potentials of the anode 
and cathode when the voltmeter reads 2 V? 

There is no answer to this question and that in itself makes 
an essential point. If you prefer, the answer is that it is im
possible to calculate E(anode) and E(cathode). 

You may calculate 

IR = 10 x 10-0 x 20 = 2 X 10-4 V. 

V == E(anode) - E(cathode) + IR 

== E(anode) - E(cathode) + 2 x 10--+ 

=2V 

E(anode) - E(cathode) ;::::; 2 V 

However. you cannot now separate the contributions of 
E(anode) and E(cathode). 

In polarography as we shall see later, the solutions used are usually 
aqueous solutions of strong electrolytes and in these cases the ohmic 
drop is negligible. If we ignore this factor then: 

V = E(anode) E(cathode) (1.2b) 

but the problem of separating the anodic and cathodic contributions 
remains. If one of the electrodes has a potential which remains ef
fectively constant as the cell voltage and current vary, then it may 
be regarded as a pseudo-reference electrode. 

We have 

v I EWE - ESE I (1.2c) 
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The modulus sign allows for the WE to be either an anode or a 
cathode. If ESE remains effectively constant (electrode unpolarised) 
we may state a value for EWE with respect to the potential of the 
SE as a reference. 

IT 	 If the cell voltage is 2 V and the ohmic drop is negligible, 
state the potential of a cathode WE with respect to the SE 
whose potential may be assumed constant. 

The answer is EWE = 2 V with respect to the potential of 
the secondary electrode. 

v = E(anode) - E(cathode) + IR 

= ESE - EWE + 0 

EWE ESE = -2 V 

Similarly if the cell voltage changes from Vj to V2 and the ohmic 
drop is negligible and E(anode) (SE) is constant then: 

(E2,SE - E 1,SE) I 

I !:::.EWE 0 I 

= I !:::.EWE I 	 (1.2d) 

Thus we have an important result that a change in the measured 
cell voltage reflects a change in EWE. 

Two-electrode circuitry prevailed into the late 1950's and the in
tegrity of the method was dependent upon the potential of the sec
ondary electrode remaining constant during the analysis. If the sec
ondary electrode has a low resistance and a large area and the elec
trode reaction is such that the potential is insensitive to small con
centration changes then the necessary condition of constant poten
tial is met reasonably well. One such electrode is a pool of mercury 
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in contact with an aqueous solution containing chloride ion. This 
was the electrode of choice for SE in dc polarography. However 
the uncertainties described above make any two-electrode system 
unsatisfactory. 

If non-aqueous solvents are used then one can sometimes no longer 
ignore the ohmic drop and this quantity (JR) will vary as the cell 
voltage and cell current vary. In this situation even with ESE a con
stant EWE is unknown. 

n 	 Calculate the resistance of a 2 em length of 0.1 mol dm-3 

aqueous KCI between two electrodes, each of area 2 x 10-5 

m2• The conductivity K of 0.1 mol dm- 3 aqueous KCl is 1.29 
S m- 1 

The answer is R 775 n. 

G = conductance K 1J , 

where K is the conductivity, J the cell constant, LIA where 
L is the path length and A the electrode area. 

G = 1.29 x 2 x 10-5 /0.02 = 1.29 x 10<\ S 

R = 11 G = 775 f! 

For a typical de polarography experiment the cell current 
would be 5-10 p.,A. This would give an ohmic drop of 4-8 
mY. 

1t would be an improvement in technique if a circuit could be de
vised such that the potential of the working electrode (EWE) could 
be measured and controlled in an unambiguous matter. 



10 Analytical Chemistry 

1.2.2. Three-electrode Circuitry 

Auxiliary circuit 

HIV 

Fig. I.2b. Three-electrode electrolysis cell (WE, working elec
trode; SE, secondary electrode; RE, reference electrode; HIV, high 

impedance voltmeter) 

The problems described in the previous section are largely over
come by the introduction of a third electrode into the circuit (Fig. 
1.2b). An auxiliary circuit, often termed a potentiometer circuit, has 
been added to the previous two-electrode circuit. The cell current 
still passes between the WE and the SE in the primary circuit and 
the cell voltage (V) is still developed between these electrodes. We 
still have: 

v = I EWE I + IR (1.2e) 

However Eg. 1.2e 1S now redundant since we are interested only 
in EWE and in these circuits the secondary electrode is typically a 
small platinum electrode with a potential which is not constant. In 
many modern instruments the cell voltage is not displayed. 

Why are the Eg. 1.2e and the cell voltage redundant? 

Consider the auxiliary circuit comprising the WE, the reference 
electrode (RE) and a high impedance voltmeter (HIV). If P is the 
potential difference measured by the HIV then: 

( 1.2f) P = EWE 
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where R' is the resistance in the electrolyte path between the WE 
and RE. This is a null current potentiometer circuit and not part of 
the primary current carrying circuit of the cell, an essential point to 
remember. Provided IR' -+ 0, for the reasons given previously: 

P = 	 EWE -- ERE ( 1.2g) 

For a reference electrode we choose one of the well-established ref
erence electrodes used in potentiometry, eg saturated calomel elec
trode (SCE), silver-silver chloride electrode. Such electrodes have 
a stable potential and a small temperature dependence of poten
tial. The saturated calomel electrode is almost always the reference 
electrode used for aqueous solution dc polarography. 

IT 	 Why did we not use a SCE as an electrode of fixed potential 
in a two-electrode circuit? 

A SCE is a reversible electrode, small in size, and designed 
to give a fixed potential under null current conditions. If a 
finite current passes through such an electrode polarisation 
occurs and the potential changes. The electrode returns to its 
original potential when the current ceases to flow provided 
the current has flowed for only a short time. 

We quote the values of the EWE with respect to the potential of 
the reference electrode. Thus substituting E seE for E RF in Eq. 1.2g 
gives: 

P 	 EWE - ESCE 

P = 	 EWE(SCE) (1.2h) 

If the measured voltage on the high impedance voltmeter is -0.600 
V then Ev..r = 0.600 V (SCE). Where does the minus sign come 
from? The voltmeter will either display both positive and negative 
values or the operator has to note the polarity of the connections 
made. Values of EWE obtained with reference electrodes other than 
the SCE are usually converted to the SeE scale before reporting the 
results. 
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Reaction E -e-/V(N HE) 

CoH + e Co2+ 1.821 
Ce4+ + e --;. Ce3+ 1.612 
Cl2 + 2e --;. 2 Cl- 1.358 
02 + 4H+ + 4e --;. 2 HzO 1.229 
Cu2+ + 2CN- + e --;. Cu(CN)2 1.120 
Br2 + 2e --;. 2 Br- 1.087 
2Hg2+ + 2e --;. Hg~+ 0.905 
Ag+ + e --;. Ag 0.800 
Hgz+ --;. 2 Hg 0.789 
Fef+ + e --;. Fe2+ 0.771 
02+ 2H ++ 2e --;. H Z0 2 0.682 
Hg2S04 + 2e --;. 2 Hg + SO~- 0.616 
lz + 2e --;.21- 0.536· 
Cu+ + e --;. Cu 0.521 
02 + 2HzO + 4e --;. 40H 0.401 
Cu2+ + 2e --;. Cu(Hg) 0.345 
Cu2+ + 2e --;. Cu 0.340 
Hg2C12 + 2e --;. 2 Hg + 2Cl- 0.268 
Ag Cl + e --;. Ag + CI 0.222 
Cu2 + + e --;. Cu + 0.158 
Sn 4 + + 2e --;. Sn 2+ 0.150 
HgzBrz + 2e --;. 2 Hg + 2 Br- 0.141 
AgBr + e --;. Ag + Br- 0.071 
2 H+ + 2e --;. Hz 0.000 
Pb2+ + 2e --;. Pb(Hg) -0.121 
Pb2+ + 2e --;. Pb -0.126 
Sn2+ + 2e --;. Sn -0.136 
Tl+ + e --;. Tl -0.336 
Cd2 + + 2e --;. Cd(Hg) -0.352 
Cd 2 + 2e --;. Cd -0.403 
Fe2 + 2e --;. Fe -0.409 
Zn2 + 2e --;. Zn -0.763 
2H zO + 2e --;. Hz + 20H-- -0.828 
K+ + e --;.K -2.924 

Fig.l.2c. Standard electrode potentials at 25°C 

http:Fig.l.2c
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NB 1. Hg2C12 + 2e -t 2 Hg + 2 Cl- (saturated) 

is the saturated calomel electrode (SCE) for which E = 0.244 
V (NHE). 

2. AgCl + e -t Ag + Cl- (saturated) 

is the saturated silver chloride electrode and has E = 0.199 
V (NHE). 

n Convert the following results to the SCE scale, all at 25°C. 

You will need to consult the table of standard electrode po
tentials (Fig. 1.2c). 

(a) EWE = +0.012 V (saturated aq. Ag, AgCI/Cl-) 

(b) EWE = -0.230 V (NHE) 

Answers are (a) -0.033 V (SCE), (b) -0.474 V (SCE). 


E(Ag,AgCl,Cl-,sat) = +0.199 V (NHE) and 


ESCE = +0.244 V (NHE) from Fig. 1.2c. ' 


.'. (a) EWE = +0.012 + 0.199-~ 0.244 = 0.033 V (SCE) , 


(b) EWE = -0.230 + 0 0.244 = -0.474 V (SCE) 

We now have a reliable measure of EWE. Also, 

(1.2i) 

So we can monitor changes in EWE. It is as well to remind you 
that an uncertainty arises jf solvent systems of high resistance are 
used which makes the ohmic drop UR') no longer negligible. This 
is usually due to the use of non-aqueous solvents and these can also 
cause the reference electrode to become unstable. 
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The next advance in technique was to be able to automatically select, 
change and monitor the EWE in a controlled manner. This advance 
had to wait until an electronic control device called a potentiostat 
became available. 

1.2.3. Potentiostatic Control 

It has already been explained that dc polarography is not used to 
any great extent nowadays but when it is used the modern commer
cial apparatus incorporates a potentiostat which effectively controls 
the instrument. In order to fully understand the mode of operation 
of a potentiostat some knowledge of electronics is required. This 
knowledge must extend at least to an understanding of operational 
amplifiers. Those of you with this knowledge should refer to the 
textbooks listed in the reference section where you wil1 find circuit 
diagrams and further explanation. Fortunately, it is not necessary 
to have this depth of understanding to appreciate the function of a 
potentiostat. This is to control the potential of the WE with respect 
to ERE' The potentiostat enables one to hold this potential constant 
or to vary the potential in a controlled manner to a pre-selected 
pattern. To do this a three-electrode circuit is necessary (Fig. 1.2d). 

L.....-_--,---l I.p 
_J 

SE 

-.....00(--, 

Fig. 1.2d. Potentiostatic control 


P = potential difference = I EWE - ERE I 


The required EWE (SeE) is fed into the potentiostat control and 
when the circuit is completed the measured HIV reading is: 

-----_._---
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P = EWE (SeE) (measured), 

and this value is fed instantly to the potentiostat. The potentiostat 
compares the measured value of EWE with the required value and 
the difference is an error signal. If the error signal is zero the system 
is under potentiostatic control. If the error signal is finite the poten
tiostat causes a change in the dc power supply to the cell to occur 
in such a direction as to decrease the error signal. The response is 
very rapid and potentiostatic control is normally achieved within 
microseconds. 

An extension of this is to have available the capability to scan a range 
of potential in a pre-determined manner. The required initial EWE 

(SCE) is fed into the potentiostat control together with a chosen 
final EWE (SCE) and the scan pattern. For example: 

Initial 	EWE (SeE) = 0 v 

Final EWE (SeE) = -2.0 V 

Linear potential scan = 5 mV S-1 

In this case when the circuit is completed the initial EWE (SeE) is 
rapidly established as described above. The scan commences and 
the potentiostat continuously monitors and adjusts EWE (SeE) to 
conform to the selected pattern. 

fI 	 For the linear scan pattern, given in the above example, cal
culate the reading on the HIV that will cause a zero error 
signal 2 min after the scan commences. 

The answer is -0.60 V. 

A zero error signal occurs when, 

EWE (SeE) measured = EWE (SeE) (required). 

The required EWE (SeE) after 2 min is 
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o 2 x 60 x 5 X 10- 3 

0.60 Y 

P = EWE (SeE) (measured) = -0.60 Y 

We will see later that a linear potential scan at about 2-10 mY S-I is 
always used in dc polarography. Potentiostatically controlled three
electrode circuits have been used for dc polarography since the early 
1960's. You should note that similar potentiostatically controlled 
circuits are widespread in modern electro-analytical chemistry. 

1.2.4. Cell Design 


Basically we require a three electrode cell, Fig. 1.2e. 


RE 

SE WE 

Fig. 1.2e. Schematic design of three-electrode cell 

Usually there are other requirements, commonly provision is made 
for some or all of the following: 

(a) thermostatting, 
(b) emptying the cell in situ, 
(c) adding chemicals, 
(f) purging with gas, 
(g) gas venting. 

"'-"" 

:. 
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N2 purge gas ~ 

Pt(SE)

/ 
/(RE) 

-Tap for emptying cell 

Open Learning 

Purge Gas 
gas vent 

Thermostat 

Fig. 1.2f. Schematic diagram of three-electrode cell with 
additional requirements 

A well designed cell will provide these features together with min
imisation of cell volume. A suitable cell for dc polarography is 
shown in Fig. 1.2g. Note the pear shape used to minimise the vol
ume. We may pick out two features for a more detailed treatment. 

DME(WE) 
Salt bridge to 

-Thermostat 
H20 out 

Thermostat _ 

H20 in 


Fig. 1.2g. Typical dc polarography cell 
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(i) Device for gas purging 

The purging gas, usually nitrogen, may be introduced via a two-way 
tap in a device depicted in Fig. l.2h. This design is given as an 
example. In one position of the tap, gas flows down the tube and 
through a frit into the base of the analyte solution. In the second 
position the gas enters into the neck of the cell and blankets the sur
face of the analyte solution thus preventing re-entry of air into the 
solution. Tank nitrogen (white spot) contains a few ppm of oxygen 
and if it is necessary to further reduce the oxygen level in the solu
tion the nitrogen supply must be scrubbed of oxygen. One method 
of doing this is to pass nitrogen through a vanadium(V) chloride 
solution (purple). Alternatively commercial cartridges filled with a 
scrubbing formulation based on chromium(lll)oxide are available 
as disposable inserts into the gas stream. 

N2 to blanket 
solution 

~!"l!rl='7" 2 - way tap 

tN2 into bose of cell 

As drawn N2 flows into base of cell 

Fig. 1.2h. Gas purging and blanketing device 

(ii) Reference electrode bridge 

In some circumstances the reference electrode, eg SeE may be in
troduced direct into the cell. The only physical separation of the 
electrode inner solution from the analyte solution is a small frit or 
a piece of glass wool. Seepage from the electrode can occur and this 
may create interference with the analytical reaction. To overcome 
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this, and also as part of the usual design practice, the electrode is 
placed in a separate compartment, and a salt bridge is formed to 
the analyte solution (Fig. 1.2i). 

seE 
(RE) 

- ~I -
?' 
- -j 

Salt bridge 
solution -r 

Frit 

Fig. 1.2i. Reference electrode salt bridge 

The salt bridge solution is usually the supporting electrolyte solution 
used for the analysis, (1.4). Mention should be made of a special 
form of such a reference electrode system where the tip of the salt 
bridge is bent to a position close to the WE (Fig. 1.2j). 

L >----1WE 
/1 I 

,/ i I
Fnt I~I 

R' 

Fig. 1.2j. Luggin probe 
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This device is called a Luggin probe and its purpose is to minimise 
the ohmic drop (JRI). This may become important for non-aqueous 
solutions. 

SAQ 1.2a 

.... 

Sketch and label a cireuitf"r·· a potentiOStat;.. 
icaUy controlled.three·electrodecell and e'!!:
plain how potentiostatic control is. aChieved and 
maintained. Why are three electrodes necessary? 
What problems arise when. nC)n~aqueous solu
tions are us.ed? 
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SAQ 1.2b Sketcn theapp~raoce of Ii cell suitable for de 
po1~r()graphy;analY:$is and comment on the fea
tures .. 
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SUMMARY AND OBJECTIVES 

Summary 

A criticism of two-electrode circuitry is presented based on the 
uncertainty of the value of EWE. The use of three electrodes re
moves this uncertainty and produces an unambiguous value for EWE 

(SeE). The use of a potentiostat to control the value of EWE (SeE) 
is described. Finally the necessary components of a polarography 
cell are listed and considered from the point of view of good cell 
design. 

Objectives 

You should now be able to: 

• 	 criticise the use of two-electrode circuitry for dc polarography; 

• 	 draw a circuit diagram (fully labelled) for use with a three
electrode cell and explain the function of the auxiliary (poten
tiometer) circuit; 

• 	 define WE, SE, and RE; 

• 	 explain the function of a potentiostat and draw a circuit diagram 
(fully labelled) showing the use of a potentiostat in controlling 
the WE potential; 

• 	 summarise the essential features of a well designed polarography 
cell. 

1.3. THE DROPPING MERCURY ELECTRODE (DME) 

The unique feature of polarographic methods that sets them apart 
from other voltammetric techniques is the use of a dropping mer
cury electrode as the working electrode. In this section we shall 
deal with the properties of mercury as an electrode material and 
the characteristics of the electrode in use . 

.._-.._------
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1.3.1. Mercury as an Electrode Material 

Mercury is very toxic and demands a neat and tidy working practice. 
Polarography had gained a bad reputation by the 1950's in academic 
institutions, due mainly to careless use of mercury and the growing 
awareness of health hazards. This in turn has contributed to a resis
tance to the introduction of newer electro-analytical methods using 
mercury even when they are competitive or better than established 
methods. This is a pity because there should be no hazard provided 
reasonable care is taken. 

Mercury is a liquid under normal experimental conditions and thus 
presents a smooth homogeneous surface to the solution. It is a good 
electrical conductor and provides a surface for the required elec
trode reaction. A good electrode material provides a high voltage 
limit in anodic and ca~hodic directions and thus a wide voltage win
dow for analysis. 

What are voltage limits and the voltage window? 

From a practical point of view the potential of the working electrode 
at which a measurable current begins to develop, as a consequence 
of some process other than the desired analyte reaction, defines the 
voltage limit for the system. The unwanted reaction will interfere 
with any required analyte reaction that occurs at a potential beyond 
this limit. There will be such a limit in the anodic and the cathodic 
directions. The difference between these limits defines the voltage 
window. It is possible to analyse for any species which can be oxi
dised or reduced at a potential inside the voltage window. 

What determines the voltage window for mercury under the exper
imental conditions of dc polarography? 

In the anodic direction the limit is set by the tendency of mercury 
to oxidise at potentials more positive than -0.1 V (SCE), the actual 
potential depending on the composition of the solution and never 
exceeding + 0.2 V (SCE). In the cathodic direction the limit is set 
by the reduction of the most readily reduced species in the solution. 
In aqueous solutions this is one of three reactions: 
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_.-t 1 H2H30+ + e + H2O 
2 

1
H2O + e - H2 + OH 

2 


ox + ne --t red 


Which of the first two reactions prevails depends upon the pH of 
the solution and the potential varies from about -0.8 V (SeE) to 
-2 V (SeE), the lower the pH the less negative the limit. It is worthy 
of comment why the potential for the reduction of the hydronium 
ion is as negative as -0.8 V (SeE). Using the Nernst equation you 
should be able to predict that this potential should be about --0.4 
to -0.6 V (SCE) depending upon the hydronium ion concentration. 
This is the potential range experienced when a platinum electrode 
is used. On this electrode the reaction is very fast and the reversible 
potential is observed. On mercury the reaction is slow and this gives 
rise to an overpotential causing the observed potential to be much 
more negative. This is a distinct advantage for mercury sinc.e it ex
tends the cathodic voltage limit. Overpotential is mentioned again 
(1.5.1) but it is assumed that the concept is familiar to you. If not 
read the relevant sections in ACOL: Principles of Electroanalytical 
Methods or in Crow (1974). The reaction: 

ox + ne --t red 

is the reduction of any reducible species present in the system. We 
will see later (1.4) that in dc polarography a high concentration of 
potassium chloride is often added to the solution and for potassium 
ions the voltage limit for reduction is about V (SCE). 

We see then that the voltage window for mercury in aqueous solu
tions could be, at best, + 0.2 V (SeE) to V (SeE). 

A further important factor must be taken into account when dis
cussing the available voltage window. All solvents dissolve oxygen 
to some extent and protic solvents, eg H20, dissolve appreciable 
amounts (about 10-3mol dm 3or 30 ppm in water at 25 DC). Oxygen 
is electroactive and is reduced in aqueous solutions in two stages at 
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potentials of about -O.S V (SeE) and about -0.6 to 1.2 V (SeE), 
the latter value depending upon the acidity of the solution. 

Acidic conditions: 

Neutral or alkaline conditions: 

These reactions give rise to two kinds of problem. The most impor
tant of these is that the signal generated by the reactions (observed 
current) masks the required signals and renders dc polarography 
useless in the range ~0.5 V to at least 1.0 V (SeE). This is .virtu
ally the whole of the useful range of potential for the method. The 
second type of problem arises from the direct interference of the 
reaction products, ie HZ02 and/or OH , with the analyte reaction. 
An example would be a localised rise in pH due to the generation 
of hydroxyl ions at the cathode. It is thus very important to remove 
oxygen from the solution prior to analysis if a cathodic process is to 
be investigated. For methods see 1.2.4. 

It is important to use clean mercury and there are three classes of 
impurity likely to be found in laboratory mercury: surface scum 
(mainly oxide), dissolved base metals and dissolved noble metals. 
The surface scum is removed by repeated filtration through a small 
perforation in a filter paper cone. Base metals, eg zinc, may be re
moved by drawing air through the mercury under 2 mol dm~3 aque
ous nitric acid. The only method satisfactory for removal of noble 
metals is by distillation and it is recommended that this is carried 
out by a specialist mercury supplier. It should only be necessary 
to periodically carry out the first two operations for satisfactory re
cycling of mercury for normal laboratory use. Scum will impare flow 
through the capillary, base metal reduction peaks will interfere in 
the analysis and noble metals will cause the cathodic voltage limit 
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to become less negative since they are better catalysts than mercury 
for the reduction of hydronium ions. 

1.3.2. Physical Characteristics of the Electrode 

h 

3way-tap 

--Hg reservoir 

----.!f:r---Stand pipe 

--Flexible tubing 

__Flexible tubing 

Glass capillary 

Hg drop 

Fig. 1.3a. Typical dropping mercury electrode 

Fig. 1.3a shows the design of a typical dropping mercury electrode. 
The height of the column of mercury above the position of the mer
cury drop (h) is adjusted in the range 20-100 cm. The capillary is 
usually 10-20 cm long with an internal diameter of about 50 /km. 
The mature mercury drop achieves a diameter of about 1 mm just 
prior to dropping. The mass of mercury produced per unit time 
(m/kg S-I) may be calculated using the Poiseuille equation. 

(1.3b) 

where 
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PIkg m -1 S-2 is the pressure due to the height of the mercury col
umn, plkg m- 3 the density of mercury, rim the radius of the capil
lary tube, 17lkg m- 1 S-1 the coefficient of viscosity of mercury and 
Lim the length of the capillary tube. 

The value of the pressure P should be corrected for the effect of 
two factors: 

a small but significant effect of the surface tension at the Hg/H 20 
interface which varies with the value of the electrode potential, 
about 1-2 cm Hg; 

a very minor back pressure due to the depth of immersion of 
the capillary into the aqueous solution; a few mm Hg. 

A correction of 2 cm Hg is usually made and this is sufficiently ac
curate for most work. In analytical applications it is rarely necessary 
to know the value of h. 

Now P = pgh, 

(1.3c) 

The significant point is that, m ex h 

The lifetime of each drop of mercury, the drop lifetime (t Is) is 
of great importance in the theory of polarography and is usually 
arranged to be in the range 0.5-5 s. The mass of each drop = mt, 
and this quantity remains fixed, ie as h is increased so m increases 
and hence t falls and vice versa. 

(1.3d) 

I1 	 The mass of 30 drops of mercury from a DME was found 
to be 0.203 g and the drop lifetime was found to be 3.86 s. 
Calculate the flow rate of mercury from the capillary in mg 
S-1. 
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The answer is l.75 mg S-l. 

This is a very straight forward calculation. 

0.203Each drop weighs 	 3Qg 

0.203 	x 103 mg 
30 

0.203 X 103 
fl ow rate ()m = ---- 

30 x 3.86 

= l.75 mg S-1 

IT 	 If the height of the mercury column in the above problem 
was 30 cm and this height is changed to 90 cm, what will be 
the new drop lifetime? 

The answer is 1.29 s. 

The flow rate m ex h 

the new flow rate 	 = 1.75 x 90/30 

= 5.25 mg S-l 

mt = constant 1.75 x 3.86 


l'f' 1.75 x 3.86
the new d rop I ettme 	= 
5.25 

1.29 s 

t 	= 3.86 x 30 1.29 s 
90 

We have concentrated on explaining the control over drop lifetime 
that may be exercised by adjustment of the head of mercury. You 
will learn later that more advanced techniques depend on the abso
lute reproducibility of this droptime. This necessitates the introduc
tion of a mechanical tapping device controlled by the potentiostat 
which can produce drops with lifetimes of say 0.5, 1 or 2 s with great 
precision. Since this facility is built into modern instrumentation it 
is now also routinely used for dc polarography. 
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1.3.3. Electrical Characteristics of the Electrode 

We have seen (1.3.1) that the voltage window for the DME is usually 
from about + 0.2 V (SCE) to ~ 2 V (SCE) with small variations due 
to differing solution conditions. In addition to this very important 
property there are electrochemical consequences of the effect of 
changing potential on the interface formed between the mercury 
drop and the aqueous solution. ' 

(i) The capacitive current 

An electrode at a certain potential has an electrical charge at its 
surface. For example in Fig. 1.3b we illustrate the situation when 
the electrode has a positive charge (cathode). 

Metal surface 
/ /H20 

r1/ W 

: i I /HVd",,;oo 'Ph"l 
1 I 

i 

I@TAo'oO 

: ~ i Adsocbed ~ 
! I cation Bulki%!: I solution 

~ ! @ I 
1 I 


E 

'-r--" • 
Inner Outer 
plane plane 

Compact Diffuse 

layer layer 


Fig. 1.3b. The electrical double layer 
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We see that there is a complex structure in the solution, changing 
as we move from the electrode surface to the bulk solution. There 
have been several theories over the years attempting to explain this 
structure and they all provide a model of the electrical double layer. 
Fig. l.3b resembles the model proposed by Stern in 1924 and is suf
ficiently advanced for our purposes. We see that there are three 
zones reaching out from the electrode, each zone having a poten
tial defined by 4>1 and 4>2 and finally E (the electrode potential, ie 
difference in potential between the electrode and the bulk solution). 

Zone 1 is the inner plane consisting mainly of adsorbed cations and 
water molecules. 

Zone 2 is the outer plane consisting mainly of solvated anions. 

Together they form what is called the compact layer which. usually 
has a thickness of about 5 x 10- 10 m and varies only slightly with 
electrolyte concentration. 

Zone 3 forms the diffuse layer which eventually merges into the bulk 
solution. The thickness of the diffuse layer is very dependent upon 
the electrolyte concentration becoming very thin (about 1O-8m) in 
0.1 mol dm- 3 solutions. 

Because we have the model of parallel charged layers of different 
potential we have a direct analogy with a parallel plate condenser 
and it is therefore perhaps no surprise that a capacitance exists 
across the double layer. 

Capacitance of Capacitance of Capacitance of 
double layer ( CmJ = compact layer + diffuse layer 

(Cel) (Cdl) 

CDL = dQ/dE, (1.3e) 

where Q is the total charge in all layers ie the charge on the elec
trode, and E the electrode potential. 

Fig. 1.3c shows how the double layer capacitance varies with the 
potential of the electrode. 
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Fig. 1.3c. Effect of potential on double layer capacitance 

We see that the detailed behaviour varies with the electrolyte con
centration but there is always a minimum in the relationship which 
occurs at a potential characteristic of the electrode material/solvent 
interface. This is the potential of zero charge (Enc). The potential 
of zero charge is the potential at which the sign of the charge on the 
electrode changes. For the Hg/H 20 interface E pzc is about -0.5 
V (SeE). For the Hg/H 20 interface the double layer capacitance, 
CDL, is about 20-25 J.lF cm -2. 

If we define E(PZC) E Epzc 

then 
Q = CDLA E(PZC) (1.3f) 

We have taken eDt. to be expressed per unit area/F m- 2 and A/m2 

is the area of the electrode. 

Now J = d Q/dl in general. 

From 1.3f, 
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charging of the effect of random effects 
double layer varying during lifetime 

drop size of drop eg 
adsorption of 
ions 

Thus I cp , the capacitive current contains three contributions. How
ever under the conditions of de polarography the last effect is usually 
absent. Also the rate of scan of potentia] (2-10 mV s- I) is such that 
the drop is at approximately the same potential during its lifetime. 
Therefore during the lifetime of anyone drop, . 

Icp ~ CDLE(PZC)cA/ct 	 (1.3h) 

n 	 Is it true that in de polarography the drop is approximately 
at the same potential during its lifetime? 

You should tackle this question by looking at the limiting 
cases. We have said that potential scan rates lie in the range 
2-10 m V s - I and that drop lifetimes are in the range 2-8 s. 
The worst limiting case is 10 m V s -I scan and 8 s lifetime. 
Here the potential changes by 80 mV clearly not a constant 
potential. With 2 m V s -1 and 2 s we have only a 4 m V change. 

This is effectively constant. So in practice the first term in 
Eq. 1.3g may not be negligible. 

Treating the Hg drop as a sphere, 

v =(4/3) 7r r3 = mt /p 
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Hence we may show that 

/ 3 k' e l/3SA/St =(2/3) k t- 1 = 

From 1.3h fep ~ k' COLE(PZC) e l/3 

This time dependence of the relationship is depicted in Fig. 1.3d and 
it is very important to note that the capacitive current decays very 
rapidly becoming negligible towards the end of the drop lifetime. 
This is the point to remember and you will find that we use this fact 
in later parts of the Unit (3.0). 

t t time 

Fig.1.3d. Capacitive current during lifetime of drop (t) 

The overall relationship of f cp to E(SCE) in the range +0.2 V (SCE) 
to - 2 V (SeE) is shown in Fig. 1.3e. The oscillations are caused by 
the decay of fep during the lifetime of each drop. 

http:Fig.1.3d
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Epzc 8 E (SeE) 

- 0.5V 

Fig. 1.3e. Capacitive current as a function of electrode potentiaL 

(ii) Current maxima 

We shall see later that a typical dc polarography result takes the 
form of a wave, (Fig. 1.3f). The normal result is shown together 
with anomalous maxima superimposed. Both of these maxima are 
due to an enhancement in the rate of mass transport of the analyte 
to the electrode caused by convective movements at the Hg/H20 
interface. 

j 
II 
II 

/ I .."..,I f I! ,CathodiC 

I /1 ...... 
I 
I 
I 

I V \. 

f ! 

E 

_...___ normal result, wave; - maximum of first kind; 
......... maximum of second kind) 

Fig. 1.3f. Current maxima 
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Maxima of the first kind. These appear as sharp straight line 
enhancements in the current at the beginning of the wave. They 
can be larger than the wave itself and drop abruptly back to 
the wave maximum. They are due to convective streaming of 
the electrolyte past the drop surface caused by differences in 
surface tension at different points of the drop surface. 

Maxima of the second kind. These appear as relatively small 
rounded enhancements in the current on the wave plateau. They 
occur in solutions of high electrolyte concentration and are most 
common when a high ftowrate of mercury is used. It is thought 
that the actual disturbance within the mercury drop generates 
the convective movement of the electrolyte next to the drop. 

The most important point for analytical applications is to be able 
to remove these maxima. It has been known for a long time that 
small concentrations of surface active agents suppress these maxima. 
Examples of chemicals used in the early days of dc polarography 
are gelatine and methyl red. More recently the non-ionic detergent 
Triton X-100 (Rohm and Haas Co., Philadelpia, Penn) has become 
established as the material of choice. A concentration of <0.002% 
wIv is usually sufficient. This level of concentration should not be 
exceeded without checking for distortion of the polarographic waves 
produced. 

SAQ 1.3a I. Su~~aris~the factors that determine the volt
. age window for de polarography in aqueous so
lution . 

.... 
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SAQ 1.3b 
DME and Jela 

SAQ 1.3c Explain the origin of a capacitive current .in de 
polarography and state the time dependence of 
this quantity. . 
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SAQ I.3d ~k~t~hjJi~;~p~~~~l'lceofcurrent maxima in dc 
.~iilld>~xplainbo\v these unwanted 

~.•. aiimtted•. 

SUMMARY AND OBJECTIVES 

Summary 

The properties of mercury as an electrode material are discussed 
and the concepts of voltage limits and voltage window introduced. 
The reasons for removing oxygen from the solution are given and 
with oxygen removed the voltage window established as about + 0.2 
V to V (SCE). Methods of cleaning mercury and the reasons for 
cleaning are given. 

----------------------------------.--------------
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The physical and electrical characteristics of the dropping mercury 
electrode (DME) are discussed. The physical characteristics are ex
plainable using the Poiseuille equation and in particular the rela
tionship between drop lifetime and height of the mercury column 
established. 

The effect of potential of the behaviour of the Hg/H 20 interface is 
discussed in terms of the electrical double layer and the potential of 
zero charge. This leads to the concept of a capacitive current and an 
equation is derived relating this current to the electrode potentia] 
and also to the drop lifetime. 

The phenomena of current maxima are illustrated; the origins ex
plained and a simple method of suppressing the effect given. 

Objectives 

You should now be able to: 

• 	 explain the meaning of voltage limit and voltage window in dc 
polarography and discuss the factors which determine the value 
of the voltage window for mercury in aqueous solutions; 

• 	 explain why oxygen must be removed from solutions prior to anal
ySIs; 

• 	 sketch a typical DME; 

• 	 state the Poiseuille equation and use it to show the relationships 
between m, hand t; . 

• 	 sketch a model of the electrical double layer and define the po
tential of zero charge; 

• 	 show how the analogy between the electrical double layer and 
a parallel plate condenser leads to the concept of a capacitive 
current, derive an equation relating Icp,CoL,E(PZC),A, t; 

- ..........--..
~----------------------
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• 	 explain the origins of current maxima of the first and second kind, 
sketch the appearance of such maxima and explain how to sup
press them. 

1.4. SOLUTION CONDITIONS 

This section will provide you with the information that will allow 
you to select the solvent and the supporting electrolyte for a partic
ular analysis. The nature and role of this supporting electrolyte will 
be explained. The effect of temperature is mentioned and together 
with the knowledge gained from Sections 1.2 and 1.3 you will be in 
a position to design a dc polarography experiment. 

1.4.1. Solvents 

The very nature of electro-analytical methods based on the gen
eration of current between two electrodes at different potentials, 
implies the passage of ionic species through an electrically conduct
ing solution. This in turn di~tates that conditions exist in solution 
capable of sustaining stable ionic species. This, of necessity, requires 
that the solvent has some degree of polar character in order to be 
capable of solvating the ions. 

IT 	 What is the physical property of a solvent that is usually used 
as a measure of polarity? 

You should have answered the relative permittivity (or di
electric constant) (see Fig. l.4a). 

Highly polar, H20, (r = 78.5 at 25 DC 

Non polar, CCl.oj, fr = 2.2 at 25 DC 


Water, which is an example of a protic solvent, is the most impor
tant solvent for de polarography. Other protic solvents used are 
methanol and ethanol and sometimes binary mixtures of these with 
water. The use of solvents other than water is normally necessary 
for applications in organic chemistry where the solubility of the an
alytes in water becomes a problem. For the same reason some apro
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tic solvents are used, the most common being acetonitrile, CH3CN, 
dimethyl sulphoxide (CH 3h SO, (DMSO) and dimethylformamide 
HCON(CH3h, (DMF). These aprotic solvents are not usually used 
in mixtures with each other but are often used in mixtures with 
protlc solvents, in particular with water. 

tr: 78.4 46.7 36.7 36.1 32.7 24.6 

Fig. 1.4a. Values of the relative permltlvzty of some solvents 
at 25°C 

IT 	 Explain what you understand by a protic and an aprotic sol
vent. 

Protic solvents exchange protons rapidly and are strong hy
drogen donors. The hydrogen atoms in these solvents are 
bound to more electronegative atoms. Aprotic solvents have 
hydrogen bound to carbon and are very weakly acidic. They 
are poor hydrogen bond donors and exchange protons only 
very slowly. 

Most of the reported analytical work on dc polarography has been 
done using aqueous solutions because in the past metallic cation 
analysis dominated the field. As interest in the analysis of organic 
materials has grown and with the continuing use of polarographic 
methods in organic mechanism studies, the use of non-aqueous sol
vents has increased. 

You are reminded (1.2.1) that it is necessary to have an electricalJy 
conducting solution with a low electrical resistance. Even water, 
which has the lowest resistance of the solvents discussed above, is 
not sufficiently conducting without the addition of an electrolyte. 
We will see shortly (1.4.2) that in dc polarography it is a necessary 
feature that a high concentration of an electrolyte (other than the 
analyte) is always present in the solution. 
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We have also seen (1.3.1) that the presence of hydronium ions in 
solution is a very important factor in determining the cathodic volt
age limit, and any solvent containing water will contain hydronium 
ions. Finally the relatively high solubility of oxygen in protic sol
vents presents problems. 

1.4.2. 	 Supporting Electrolytes 

A supporting electrolyte is added to all solutions used for de po
larography. These supporting electrolytes are strong electrolytes 
(strong in water) and are often referred to as indifferent or inert. 
These terms should be familiar to you from other areas of chem
istry, eg the use of ion-selective electrodes. The terms indifferent or 
inert are used because the added ions must not participate directly 
in the required electr()de reaction. 

The supporting electrolyte has two roles to play. 

(a) 	The concentration of the supporting electrolyte regulates the 
electrical resistance of the cell. Even with water, the most po
lar solvent used, the resistance across a liquid path of say 2 
em would be quite high. With aprotic solvents the electrical re
sistance is so high as to make electrolysis impractical unless a 
supporting electrolyte is added. 

rI 	 Calculate the resistance of a 2 em length of a solution of 1.0 
mol dm- 3 (C2HS)4NBh in CH3CI\ between two electrodes 
each of area 2 X 10-5 m2. The conductivity of the solution 
is 5.55 S m- 1. ~ 

The answer is 180 n 
5.55 x 2 x 10-5 

G = conductance = KI J = 
0.02 

= 5.55 X 10- 3 S 

Resistance, R = 11 G = 180 n 

Compare this with the question in 1.2.1. 
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(b) 	The supporting electrolyte controls the migration of ions be
tween the working and the secondary electrode. It is the mo
bility of an ion, u, that determines the fraction of the total mi
gration current carried by an ion and the transport number of 
an ion (t) is a measure of that fraction. In the bulk electrolyte 
the migration of ions under the potential gradient is the only 
net transfer process. Near the electrode however, concentration 
gradients may occur, particularly in unstirred solutions. These 
gradients give rise to a diffusion current. It is of great impor
tance in dc polarography to understand the factors determining 
the relative magnitudes of the migration current (1m) and the 
diffusion current (Id). 

Consider a worked example. 

An aqueous solution which contains CU(N03h. concentration 10-3 

mol dm- 3, is electrolysed between a Pt anode and a Hg cathode at 
25°C. What are the relative magnitudes of I m and I d for theCu(II) 
ion at the cathode? 

Mobility data at 25 DC: 

The total current at the electrode is I = 1m + 1(1. 

Let an arbitary number of Faradays of electricity pass, say 10 Fara
days (10 mol of electrons), ie 1 ex: 10 units. 

z(i)u(i)c(i) 
lei) = 2.: z(j)u(j)c(j) 

j 

6.2 X lO- H x 
(2 x 6.2 x + (1 x 7.4 

= 0.46 
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A fraction 0.46 of the total cathodic current will be due to 
migration of ions to the electrode, 

ie, 1m 	ex: 4.6 units 

I d ex: 5.4 units 

Thus Im/1d = 0.85 for Cu2+ at the cathode. 

A 10-3 mol dm -3 CU(N03h solution is typical of a solution of 
metallic cations that can readily be analysed using dc polarography_ 
What is the effect of adding a strong electrolyte to this solution on 
the 1m/ Id ratio? Try the following problem using the above worked 
example as a model. 

n 	 An aqueous solution containing 10- 3 mol dm-3 Cu(N03h is 
electrolysed between a Pt anode and a Hg cathode at 25°C. 
If KCI is added as a supporting electrolyte at a concentration 
of 0.1 mol dm -3 what are the relative magnitudes of 1m and 
I d for the Cu(II) ion at the cathode? 

Additional mobility data at 25°C: 

This is a more complicated problem than the worked exam
ple but the principle is identica1. 

Answer is Im/ld = 0.008 ie >99.2% diffusion. 

t(Cu 2+) = 2 X 6.2 X l?-X X 10-3 

Denommator 

Denominator = 

(2 X 6.2 X lO-x x 10-3) + (1 x 7.6 X lO-x x 10- 1) 

+ (1 x 	7.4 x lO-x x 2 x 10-3) + (1 x 7.9 x 10- 11 x 10- 1) 



44 Analytical Chemistry 

15.2 x lO-q 

12.4 X 10- 11 
= 0.008 

15.2 x 

As in the worked example if I ex: 10 units 

I m ex: 0.08 units 

I d OC 9.92 units 

Thus Im/1d = 0.008 

The cathodic process here is clearly diffusion controlled. 

We see that the addition of a supporting electrolyte at a concentra
tion greatly in excess of that of the analyte causes the ionic migration 
of the analyte ion to be reduced to a negligible value. Usually the 
supporting electrolyte is added in at least ten-fold excess and prefer
ably 100-fold excess with the limit often set by the solubility. Under 
these conditions the predominant mechanism for transport of the 
analyte ion to the electrode in an unstirred solution is diffusion. 
It is an essential feature of de polarography that diffusion control 
exists in the solution. 

Some common supporting electrolytes used in aqueous or near 
aqueous solutions are: KCl, LiCI04 , HCl, HCI04. KOH and NaOH 
together with buffer solutions based on weak organic acids and 
phosphates. The common supporting electrolytes used primarily in 
aprotic and aqueous aprotic solvents are: tetraalkylammonium salts. 
R.l'\ +X-, where eg R = eH 3 , C2H s. t-C4Hq; X- = ClO;, BF;, el, 
Br- ,I . 

It is very important for you to rcalise that the cathodic voltage limit 
is often set by the potential at which the supporting electrolyte cation 
is reduced. Typically for salts of the type KCI used in aqueous so
lutions, the limit is about -1.5 to -2 V (SeE). For the tetraalky
lammonium salts in non-aqueous solvents the limit is about -2.5 to 

3.0 V (SCE). 
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Finally a note of caution on the use of supporting electrolytes when 
you are working at trace or lower levels of analyte concentration. 
When AnalaR grade supporting electrolytes are used at a concen
tration level of 0.1 mol dm -3 the concentrations of impurities added 
inadvertently, eg heavy metals, is significant at the ppb level. This 
is not a problem with dc polarography but is in the more advanced 
forms of polarography discussed in later parts of this unit. 

rI 	 AnalaR grade KCl is usually quoted by the manufacturer as 
having <5 ppm Pb as an impurity. What is the concentration 
of Pb (in ppb) introduced into solution when 0.1 mol dm- 3 

aqueous KCI is used as a supporting electrolyte? 

Ar(K) 	= 39.1, Ar(Cl) = 35.5 

The answer is 3.7 x 104 ppb or 0.037 ppm. 

Assume that the manufacturer's statement means that lead 
is present as the soluble Pb(lI) ion at the level of 5 ppm in 
the solid KCI. 

A 0.1 mol dm- 3 solution of KCl contains 7.46 g KCI in 
dm 3 . 

Mass of Pb(JI) present in I dill"' = 7.4~ x 5 g 

Mass of Pb(Il) in 106 en,.:' 

= 0.0373 g 

This assumes that the density of the solution is 1 gcm-3 

Therefore the concentration of lead is 

0.037 ppm or 3.7 X 104 ppb. 
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1.4.3. 	 EtTect of Temperature 

The main source of error if the cell temperature is not controlled is 
in the change in the value of the diffusion coefficient of the analyte 
ion. In general diffusion coefficients CD) increase about 1-2% for 
every degree rise in temperature. We will see (1.5) that this will cause 
the signal which is a measure of the analyte concentration to change 
also, in the same sense, and by the same amount. For accurate work 
the cell should be thermostatted (Fig. 1.2g) and the temperature 
regulated to ± 0.2 0c. For much routine work no thermostatting is 
used and in this case care should be taken to protect the cell from 
wide fluctuations in the ambient temperature. 

1.4.4. 	 Concluding Remarks 

You should now be able to select a suitable solventisupporting elec
trolyte system for your purpose. The limitations on choice are set 
by the solubility of the analyte and of the supporting electrolyte, 
the requirement for a low electrical resistance, and the necessity to 
have a voltage window available for the required analyte reaction. 
This latter limitation usually amounts to ensuring that an adequate 
cathodic voltage limit is available. 

f1 	 Why is this latter point true? 

It is because in dc polarography most of the analyses are 
carried out with the required reaction a reduction process. 
Only those oxidations which can occur at potentials more 
negative than the anodic voltage limit for Hg, about 0.1 V 
(SeE) are accessible to de polarography. 

Together with the matters discussed in sections 1.2 and 1.3 you are 
now in a position to list the features of a typical de polarography 
experiment. 

f1 	 What are the typical features of a dc polarography experi
ment? List them without attempting any explanation. 

Potentiostaticallv controlled three-electrode circuit. 
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DME (WE): Pt (SE): SCE (RE). 

Cell of minimum volume with facilities for: 
purging of O 2 with N2 , and thermostatting. 

Suitable solvent. 

Suitable supporting electrolyte. 

Addition of a maximum suppressor. 

Although you are now able to design a system and you have a wide 
choice of solvents and supporting electrolytes, take care not to over 
design. For example it is only necessary to provide a cathodic voltage 
limit just sufficiently negative to accommodate the analyte reaction. 
The system H20/O.l mol dm- 3 KCI/Pt (anode, SE)/DME (cathode, 
WE) is a well tried system for heavy metal cation analysis and rather 
like an old shoe this system would only be reluctantly discarded by 
analysts for this application. 

SAQ 1.4a Select a suitable solvent/supporting electrolyte 
system for the following applications using the 
dc polarography technique. 

(i) 	 Determination of Cd(II) in an approxi
mately 0.001 mol dm-3 aqueous solution 
of Cd(N03h. 

(if) 	 Determination of nitrobenzene at the 10 
ppm level in methanol. 

(iii) 	Determination of Pb(I1) at a concentration 
of about 10-6 mol dm -3 in an aqueous so
lution. 



48 Analytical Chemistry 

SAQ 1.4a 

SAQ lAb What are thf)tworolesofthesupporting ele~> 
trolyte in de polarography? 

Calculate the relative magnitudes of the migra
tion current and the diffusion curnmt for the 
zinc cation in an aqueous solution at 25 9C con:
taining 5 x 1O~4 mol dm-3 Zn(N03h alld 0.1 
mol dm-3 KCl. 

Mobility values 1m2 v- 1 8-J : 

NO;- 7.4 x 10-1\ K+ 7.6 x 10-8; 

Cl- 7.9 x 10-8 ; Zn2+ 5.5 x 10-1:1. 
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SAQ l.4b 

SUMMARY AND OBJECTIVES 

Summary 

This section has been devoted to discussing the factors to be taken 
into account in choosing the solvent and supporting electrolyte. The 
dual role of the supporting electrolyte is established and in partic
ular its role in ensuring diffusion control as the dominant mecha
nism for mass transport of analyte to the electrode illustrated. The 
marginal effect of temperature has been explained. 

Your attention has been drawn to the fact that you now have avail
able almost all of the information necessary to carry out a dc po
larography experiment. 

Objectives 

You should now be able to: 

• 	 discuss the available solvents and the factors that determine the 
choice of solvent; 
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• 	 explain the roles of the supporting electrolyte in dc polarography 
and give examples of supporting electrolytes used in protic and 
aprotic solvents; 

• 	 carry out calculations to illustrate the effect of excess support
ing electrolyte on ion transport and to determine the electrical 
resistance of such solutions; 

• 	 select a suitable solvent/supporting electrolyte system for a par
ticular analyte; 

• 	 state the effect of temperature on the results of a dc polarography 
analysis. 

1.5. 	 THEORY AND FORM OF THE 
CURRENT/POTENTIAL RELATIONSHIP 

This section introduces you to the factors that determine the over
all rate of an electrode reaction in a system which is not stirred. 
This allows predictions of the shape of the resulting current/WE 
potentia) curves for a system which is under diffusion control. The 
work of IIkovic in 1934 in deriving the current/analyte concentra
tion relationship for the DME is covered and the Ilkovic equation is 
stated and partially derived. The Heyrovsky-llkovic equation (1935) 
is then derived; this provides an explanation of the shape of the cur
rent WE potential curve. This curve now becomes a polarogram and 
the half-wave potential is defined and related to the polarogram. 
Finally the question of the reversibility of the electrode reaction is 
discussed and tests for reversibility are given. 

1.5.1. 	 General Factors Affecting the Current/WE Potential 
Relationship 

In any electrolysis cell (Fig. 1.2a) the anode receives electrons from 
the solution (oxidation occurs) and the cathode receives electrons 
from the external voltage source (reduction occurs). 

_.__.. _------------------- -- 
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When an electrode is in equilibrium with a solution, with no ex
ternal applied voltage, the electrode assumes a potential (Ee), the 
reversible electrode potential. 

I1 	 For a reaction: 

ox + ne red, 

what is the relationship between Ee and the concentration 
of oxidised (ox) and reduced (red) states in the solution? 

This is asking you to recall the Nernst equation readily deriv
able from basic thermodynamic equations, 

Ee = E-& (RT / nF) lnc(red)/ c(ox) 

We have written this reversible potential as to distinguish 
it from a general electrode potential, E. Values of E-&, the 
standard electrode potential are given in Fig. 1.2c, and are 
always quoted on the NHE scale. 

f1 	 For an aqueous solution of cadmium sulphate (0.1 mol 
dm- 3). E-&(Cd H , Cd) = -00402 V (NHE) at 0c. What is 
the value of Ee(Cd 2+ , Cd) on the SCE scale? 2.303 (RT / F) 
= 0.06 V at 25°C. 

Answer is -0.626 V (SCE). You should have arrived at this 
answer as follows. 

Ee (NHE) = E&- (0.06/2) log (1/0.1) 

00402 0.03 

0.432 V 

Ee (SCE) = Ee (NHE) 0.244 V 

Ee = - 0.676 V (SeE) 



52 Analytical Chemistry 
------------- ...-~--

The Faradaic current is a measure of the rate at which an electro
chemical reaction occurs and this rate is determined by two factors: 

(a) 	 the rate of the overall electron transfer process at the electrode 
surface, and 

(b) 	the rate of movement of the electroactive species through the 
solution to the electrode the rate of mass transport. 

Considering each of these factors in turn. 

(a) The electron transfer process. 

The current at the working electrode (WE), I, is given by 

I = la + Ie 

where tr.e relative magnitudes of la (anodic current) and Ie (ca
thodic current) reflect the extent to which oxidation and reduction 
are occuring at a particular electrode potential (E). 

When E = Ee. la = Ie and I = 0, zero or null current con
ditions. 

By convention the anodic current, I a, is negative and the cathodic 
current, Ie, is positive. 

When an external voltage is applied (Eapp ), the electrode potential 
changes from Ee to E and a' finite current develops. 

Thus when Eapp > 0, Ia 1= Ie, I 1= 0, I = feE). 

In Fig. 1.5a (i) we see they typical 1/ E curves for a system where 
the electron transfer process is very fast. We see that as E moves 
away from Ee the current is either pure anodic or pure cathodic. 
These fast electron transfer processes occur when the activation en
ergy barrier to the reaction is low, a situation very common in the 
metal/metal cation reactions frequently encountered in dc polaro
graphy. 

-"'---~"--"-------------------~---
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ox+ne~red 

ox+ne--- red

I 
Ea 

I 

ox+ne_redG 
Ie ox+ne-+ red fa 

( i ) ( ii ) 

Ie 
CB Ea ox+ne-red 

ox+ne-+red 

Ia 
( ii i) 

Fig. 1.5a. 1/E curves for a pure electron transfer mechanism 
(- net current) 

(i) very fast electron transfer; 
(ii) slow electron transfer; 
(iii) very slow electron transfer. 

In Fig. 1.5a (ii) we see the typical 1/ E curves for a system where 
the electron transfer process is slow due to a high activation energy 
barrier for the reaction. 

At E = EJ, lIe 1> Iia I, thus I is positive. 

At E = E2, lIe I < Ila I, thus I is negative. 
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In general for a slow electron transfer process there is a wide range 
of potential where the current is of a mixed anodic/cathodic origin. 

If the activation energy barrier is very high then a situation arises as 
depicted in Fig. 1.5a (iii). The 1/E curves are completely separated 
and it is not until E exceeds E 2 in the anodic direction or E exceeds 
E1 in the cathodic direction that any reaction occurs and hence any 
current is observed. 

The potential difference (E1 Ee) is the activation overpotential 
for the cathodic process and is negative. 

The potential difference (E2 -" Ee) is the activation overpotential 
for the anodic process and is positive. 

Reactions which fall into the categories illustrated in Fig.: 1.5a (i) 
and (ii) are said to be reversible in the electrochemical sense. Re
actions of the type illustrated in Fig. 1.5a (iii) are said to be irre
versible. " 

n Explain what you understand by activation overpotential. 

The essential points are: 

if an electron transfer process is very fast then the poten
tial at which the process occurs will be Ee, the reversible 
potential; 

if the activation energy barrier is high, additional poten
tial is needed to achieve a finite rate and hence current; 

overpotential, 71, is a measure of the additional potential 
required, 

71 = IEEe I 
It has been assumed that you already have a knowledge of overpo
tential and its origins. If not you are advised to read the relevant 
sections in ACOL: Principles of Electroanalytical Methods or in 
Crow (1974). 
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(b) The mass transfer process. 

In (a) we assumed a pure electron transfer controlled process at 
all potcntials. As the electron transfer process becomes faster as 
a consequence of a more favourable electrode potential (eg more 
negative for a reduction), a situation will eventually arise where the 
electroactive material is unable to reach the electrode at a suffi
ciently fast rate. We then find that the current reaches a limiting 
value dependent upon the rate of mass transport. 

There are three mass transport mechanisms capable of transferring 
electroactive material to and from the electrode: 

(i) migration under the potential gradient; 

(ii) diffusion under the concentration gradient; 

(iii) convection due to stirring and/or thermal agitation. 

When a solution is quiescent (no stirring) we may assume that only 
factors (i) and (ii) are important. We have seen already (1.4) that 
steps are taken in dc polarography to ensure that factor (i) is neg
ligible. 

n 	 How would you ensure that diffusion becomes rate-limiting 
and hence the current-limiting process is an electrochemical 
reaction? 

This is done by adding an excess of a supporting electrolyte 
to the solution. (Revise 1.4.2 if you do not understand the 
principle involved.) 

If diffusion does become the rate-limiting process as in dc po
larography then the relationship between current and overpoten
tial changes. The characteristic feature of this relationship is the 
approach to a limiting current, Jlim, where 

nFDcA/6 	 (1.5a) 
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In this equation D /m2 S-l is the diffusion coefficient of the analyte, 
c /mol m-3 the analyte concentration, A/m2 the electrode area, and 
b /m the thickness of the electrical double layer. We shall take this 
up in greater detail (1.5.2) but it is sufficient here that the signifi
cance of b alters for each model of the electrode/solution interface. 
Having considered the electron transfer and mass transport process 
separately, let us now consider them together. 

( c) Electron transfer and mass transport. 

The curves in Fig. 1.5a are idealised in the sense that mass transport 
was assumed to be infinitely fast at an potentials and could thus be 
ignored as a factor in limiting the process. 

Fig. 1.Sb shows the J / E curves for a cathodic process when the be
haviour is determined by both electron transfer and mass transport. 
We see that the limiting current is the same for both fast and slow 
electron transfer processes but the slower the electron transfer pro
cess the more negative the potential required to achieve the limiting 
value. 

A 

B 

Ee EWE 

( i ) ( i i ) 

Fig. 1.5b. 1/ E curves for a cathodic electrode process 

(i) very fast electron transfer, 
(ii) slow electron transfer. 

(A ignoring mass transport, B fast mass transport and C slow mass 
transport). 
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Does this make sense to you? For a cathodic process as the electrode 
potential becomes more negative, even a naturally slow electron 
transfer process becomes faster and eventually the mass transport 
limit is reached. 

How does all this relate to analysis? We now understand the factors 
affecting the shape of J / E curves when mass transport is diffusion 
controlled. The key to a successful analytical method will be if the 
current at some point on the 1/ E curve is reliably dependent upon 
the concentration of the analyte in the bulk solution. Ideally the 
relationship between current and concentration should be linear. 
Dc polarography is such a method. 

SAQ 1.5a State the main contributions to the Faradaic cur
rent i., an electrolysis cell. How does diffusion 
contral manifest itself in the current/working 
ele:ctrode potential relationship? 
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SAQ J.Sb Show by a sketch the effectof slowa)'lQfast 
electron transfer and slowan~Jast mass transfer 
upon the Sha.PflOf llEwE CUrves. ....... 

1.5.2. The Ilkovic Equation 

We have seen already that under the conditions of a typical dc po
larography experiment the analyte approaches the spherical mer
cury drop under diffusion control. An equation is required which 
relates the current developed by this diffusion mechanism to the 
analyte concentration in the bulk solution. Such an equation has 
been avilable for diffusion to a planar electrode since 1902. It was 
derived by Cottrell and takes the form, 

I I 1 
him = nFAcD2/1f 2{2 (1.5b) 
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Compare this with Eq. 1.5a. We see that in this situation {j has taken 

on the significance of (1fDt)L 

Ilkovic followed the same method as Cottrell but used as a model a 
growing spherical drop. This derivation is beyond the level of this 
unit so we will take a short cut and arrive at an equation resembling 
the Ilkovic equation by simply substituting the geometrical proper
ties of a sphere into the Cottrell equation. 

We have seen already (1.3.3) that for the DME, 

Thus substituting into Eq. 1.5b, 

( nFcD~) ! .6 _£ 22
Jlim = !! (41f)3 (3)3 P :I m'i 0 


1f2/2 


I 2 I 
= 464 nDz m'i t6 c 

assuming F = 96485 C; p(Hg) = 13 534 kg m-.'l 

The result includes an in-built error due to a neglect of the effect 
of the increase of drop size on the thickness of the diffusion layer. 
As the drop grows the diffusion layer stretches and thins, thus in
creasing the concentration gradient and the current. This factor was 
included in the Ilkovic derivation and it amounts to a correction of 
(7/3) L 

hm = 708 nD'2
) 

m J 
'1 

t h C 

In fact the Ilkovic equation derived in 1934 takes the form, for a 
cathodic process 

1 2 I 
I = 708nD6x m 3 th (COX (1.5c) 

which gives the current at any potential, with cox being the bulk 
electrolyte concentration and cgx the concentration at the electrode 
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surface. When the potential is sufficiently negative (for a cathodic 
process), 

cgx _ 0, and I llim. 

This limiting current is called the diffusion current, I d. 

t 2 1 ox
ld = 708 nDox m 3 (6 c ( 1.5d) 

3The units are: Dlm 2 s-l; c/mol m- ; mlkg S-I; tis (drop time) 
Id/A. 

Fig. 1.5c gives values of the diffuslon coefficient of selected ions in 
the common supporting electrolyte, 0.1 mol dm- 3 KCl at 25°C. In 
general diffusion coefficients in aqueous solution lie in the range 
7 x 10- 10 to 20 X 10- 10 m2 8- 1 with the exception of the ions 
H30+, and OH , which have much larger values. 

Ie 

I 
I 
I E1I2 

8 EWE 

Jon Zn2+ Cd 2 + Pb2+ 
1610 D 1m2 S-1 6.73 7.15 8.67 

Fig. l.Sc. Diffusion coefficients at 25°C in 0.1 mol dm- 3 

aqueous KCl 
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n 	 Use the data in Fig. l.Sc together with the following data to 
calculate Id for the Zn(Il) ion in 0.1 mol dm- 3 aqueous KCl 
at 25°C, if the Zn(Il) concentration is 10-3 mol dm -3, m = 
0.002 g S-l, t = 4 s. 

Answer is 7.35 X 10--6 A 

Your only problem is likely to be one of using the correct 
units. If you use SJ units consistently in Eq. l.5d: 

Id = 708 x 2 x (6.73 x 1O- IO)! x (2 x 1O-6)~ x 4~ x 1. 

= 7.35 X 10-6 A = 7.35 f.tA 

The assumptions that are implicit in the Ilkovic equation are: 

the flow rate of mercury is constant; 

the drops are spherical; 

there is no shielding of the drop by the capillary; 

the concentration of the analyte at the electrode surface is zero 
when the limiting current is achieved; 

the solution is not stirred; 

the linear diffusion theory developed by Cottrell is valid. 

None of these assumptions is absolutely correct but more advanced 
theories produce equations very close to that of Ilkovic and with the 
same concentration dependence. 

n You have learned that both m and t are dependent upon the 
height of the mercury column (h) in the DME. Using this 
knowledge (1.3.2) derive the dependence of Id upon h. 

I 

Answer is Id ex: h"2 
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Previously you learned, m ex hand t ex h- 1• 

Consider the time dependence of the diffusion current, 

time 

Fig. 1.Sd. Diffusion current as a function of t 
(drop lifetime) 

Fig. 1.5d illustrates this relationship. A good quality pen recorder 
(1 s response) is capable of following these oscillations. Earlier re
ports of dc polarography results used instruments that produced a 
highly damped current output. This effectively records the current 
averaged over the drop lifetime whereas the Ilkovic equation above 
gives the diffusion current at the instant that the drop falls. The 
mean or average diffusion current (Id) is given by 

(1.5e) 

The capacitive current (Jcp) is given by Eq. 1.3i: 

Icp = k' COL E(PZC) t- j (1.3i) 

and the time dependence of this current is shown in Fig. l.3d. Under 
normal experimental conditions, the Faradaic current, measured by 
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I d, far exceeds the capacitive current and the total current behaves 
as in Fig. 1.5d. As the concentration of analyte falls to the 10-4 

-10- 5 mol dm-.3 level so the two types of current (Jd and Icp) 

approach each other in value and a time dependence as shown in 
Fig. lo5e is obtained. 

Fig. 1.5e. Variation of total Faradaic + capacitive current with t 
(drop J~felime) when lfar ~ Icp 

1.5.3. The Heyrovsky-Ilkovic Equation 

This equation may take a variety of forms depending upon the be
haviour of the oxidised and reduced species at the electrode. The 
version presented here is applicable to a situation where the oxi
dised species is ~he only species in the solution and this species is 
being reduced at a cathode where the reduced species either goes 
into solution or forms an amalgam with mercury. This equation is 
then directly relevant to most of the applications of dc polarography. 
Consider the Ilkovic equation applied to the reaction: 

ox + ne -+ red 

( 1.5f) 
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Similarly for the reaction: 

red -> ox + ne 

! 2 I 

f = 708 nFD 2 m3 (il (c red ( 1.5g) red 	 0 

Note the reversal of the concentration expression and the fact that 
c red is here zero (only the oxidised species is present in the bulk 
solution). 

Apply the Nernst equation to the electrode surface, 

E = E-e- _ RT In c~ed (1.5h)
nF cox o 

Substituting from l.5f and 1.5g for coox and Cored into 1.5h we ob
tain: 

E = E -e- _ 	 RT In (I / k') k 

nF (kcOX I) 


Now / d = kcox, 

RT In kf 
nF k'(Jd - I) 

Looking at the significance of k and k' in l.5f and 1.5g we have, 

E = E-e- [?T In{ x (1/ J)}nF D 
, red 

1 

DJx 	 /E = E~ - RT In{ -1- RT In{ 	 (l.5i)
nF } nF fd - I }

D;ed 

You should note that if we are considering in detail this derivation 
we should have used activities and not concentrations in the Nernst 
equation (1.5h) 
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RT In I~~d RT 
In cred 

0 
nF "'ox ox 

'0 nF Co 

where I~ed and Igx are respectively the activity coefficients of the 
reduced and oxidised species at the electrode surface. This change 
leads to a modification of Eq. 1.5i to give, 

E = E-e- RT In { I~ed D1Ax } _ RT In { I } ( l.5j) 
nF 'Vox D 2 nF I d I 

/0 red 

This is the Heyrovsky-llkovic equation first derived in 1935. 

This gives significance to an important analytical quantity the half
wave potential, El. 

2 

We may define 

RT Ired D2I}EI = E-6- - In-1L~ (l.5k) 
"2 nF { oXD"

10 ;ed 

Note that the second term is usually close to zero, hence Et ~ E-6-. 

Thus from Eq. 1.5j: 

RT In{ }I (1.51 )
nF l(l - I 

Putting I = J d /2, we have E = El which provides an alternative 
definition of the half-wave potential. It is the potential at which the 
Faradaic current (J) is one half of the diffusion current I d. The two 
definitions agree provided the reaction is reversible. 

Fig. 1.5f shows a plot of Eq. 1.51 in the form of I = f(E). This 
is called a polarogram and the shape is a polarographic wave. The 
residual current is mainly due to the capacitive current. 
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+i _1 drop lifetime 
I:

I: Current plateau 
<~iWIv~<'---

Fig. 1.5f. Typical polarogram, a polarographic wave 

1.5.4. Reversibility 

We have discussed (1.5.1) the two factors, electron transfer and mass 
transport, which determine the rate of an electrode reaction. Figs. 
1.5a and 1.5b illustrate the current/WE potential curves obtained 
for reactions which are said to be either reversible or irreversible. 
The basic factor which determines whether or not an electrode re
action is reversible is the rate of the electron transfer process. This 
is measured in terms of a rate constant (kO) and in general if: 

kO > 2 X 10-2 cm S-l the reaction is reversible; 

while if 

kO < 2 X 10-5 cm S-1 the reaction is irreversible. 

The rate constant for the diffusion process (kd) has a value which 
remains fairly constant for most aqueous solution processes at about 
1 x 10-3 cm S-l. We see that for a reversible process, kO ~ kd. 

Fig. 1.5g shows polarograms for reversible and irreversible pro
cesses. It is important to note that the diffusion current limit (Jd) 
is still attained but not at the same potential. This is an important 
point in analytical applications. Note however that the significance 
of the half-wave potential (El) has changed considerably. Theories 

2 

of the irreversible process show that E~ is now a function of kO, D, 
'/ and t but this is beyond the scope of this Unit. 
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I 	 //
1 /
1/
V 

/1 
1 / 1 

--~--~t~~-~------
1 1 

1 1 

E(WE) 

Fig. 1.5g. Polarographic waves for a reversible and an ir
reversible (- - - -) process. (Curves smoothed to remove oscillations) 

Tests for Reversibility 

There are two tests which are in common use. Both require appro
priate data to be read off an experimental polarogram. 

(i) 	This involves the direct use of Eq. 1.51. A plot is made of log 
l/ (/d 1) against E Fig. 1.5h_ 

I /
log (I 1)d  CB 	 /~SI_OP_~_F~_ 

/. -2.303RT 

• 
o~--------~~----~--~8 E(WE) 

Fig. 1.Sh. Test for reversibility 
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The slope of the line is - (nF12.30RT), the 2.303 arising from 
the conversion from natural logarithms to logarithms to base 
10. The intercept when log I IUd J) = 0, gives the value of 
El. 

;; 

Fig. l.5i gives values of (2.303RT I F) at various temperatures. 
For a reaction to be reversible you should obtain a straight 
line with a slope close to the theoretical value. As the reac
tion moves towards irreversible conditions, a straight line is 
still obtained but the value of the slope is not the theoretical 
one. 

T;oC 17 19 21 23 25 27 29 

2.303RTI FlmY 57.6 58.0 58.4 58.7 59.1 59.5 59.9 

Fig. 1.Si. Values of 2.303 RTI F at different temperatures 

(ii) 	The second method, attributed to Meites, is much simpler. The 
values of the potentials (E1 and E'JJ are read from the polaro

4 4 

gram where I is 114 and 3/4 of Id. 

The difference of these potentials 

E; 	 0.0564 Y at 25°C (15m)
:1 n 

n 	 Try to prove the Meites relationship by using the Heyrovsky
Ilkovic equation at 25°C. 

The method is as follows: 

0.0591 I I og 
n Id - I 
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0.0591 	I { Id /4 }£1 =El - --- og
4 2 n Id Id/4 

- 0.0591 log 1/3=El 
;; n 

0.0591 log 3 Similarly, E3 =El 
J 2 n 

0.0591 (log 3 £3 - El - -	 log 1/3)
J 4 n 

0.0564 V = 
n 

For an irreversible system (EJ Ed is still negative but numerically
4 4 

greater than the value given in Eq. l.5m. 

TI 	 The following measurements were made on a polarographic 
wave at 25°C for the reaction: 

ox + 2e -+ red, 

for which Id = 3.24 J.1.A. 

E!V(SCE) I/J.1.A 
~.~-~-..... 

-0.395 0.48 
-0.406 0.97 
-0.415 1.46 
-0.422 1.94 
-0.431 2.43 
-0.445 2.92 

Show that this is a reversible process and calculate Ei' 
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I 
log UrI) 

+0.8 (,O~I--=-34.4V-1 

+0.4 

•/ 

Fig. 1.5j. Application of test for reversibility 

The answer is seen in Fig. 1.5j where log 1/ (1 d I) is plot
ted against E. The process is reversible because the mea
sured slope (- 34.4 y-l) is close to the theoretical value of 
2F/2.303RT(ie -33.8 y-l). E~ = -0.417 y. 

1.5.5. Anodic and Mixed Anodic/Cathodic Waves 

We said at the beginning of 1.5.3 that the Heyrovsky-Ilkovic equa
tion would be derived for a pure cathodic wave and this version of 
the equation took the form: 

El RT In{--l__ }E = - (l.5n) 
:2 nF (Ju)c - 1 

where (ld)c is the diffusion current for a cathodic wave. A similar 
equation may be derived for a pure anodic wave, ie the situation 
where the only species present in solution is the reduced species 
and the reaction, 
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red ox + ne. 

occurs. Both oxidised and reduced species are assumed to be soluble 
either in the solution or in the mercury drop. This equation takes 
the form: 

RT In { -,-(I~d)=a__I} (1.50)
nF 1 

where (Id)a is the diffusion current for an anodic wave. These are 
both specific cases of the more general equation which is appli
cable to a situation where both oxidised and reduced species, eg 
Fe(III)/Fe(II), are present in the solution and both are soluble 
species. This general equation is: 

(1.5p) 

Fig. 1.5k. Anodic/cathodic waves for a reversible system 

1. cathodic wave (only ox present); 
2. anodic wave (only red present); 
3. both ox and red present (equal concentrations) 
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These relationships are illustrated in Fig. 105k for a system where 
the concentration of anodic and cathodic species are equaL Fig. 1.51 
shows the expected mixed wave when the two species have different 
concentrations. 

ox+ne -+- red 

8 ox+ne-+red 

Fig. 1.5l. Anodic I cathodic waves for a reversible system. unequal 
concentration 

1. cathodic wave (only ox present); 
2. anodic wave (only red present); 
3. both ox and red present (crect > COX) 

The question of reversibility has been discussed (1.5.4) The 
Heyrovsky-Ilkovic equation cannot be applied to an irreversible 
process but the trends shown in Figs. lo5k and 1.51 are repeated 
as seen in Fig. 105m. 
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ox+ne--red 

2 ox+ne-red 

8 
( i ) 

2 
ox+ne--red 

8 
( i i ) 

ox+ ne .... red 

Fig. l.5m. Anodic I cathodic waves for (i) an irreversible process 
and (ii) a very irreversible process 

1. cathodic wave, 
2. anodic wave. 
- - - - mixed wave. 

------------------_....._--_.._-
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SAQ 1.5c State the genera] form of the Ilkovicequation 
fora reduction prQ~ess and explain the!~ms 
used. From tbis equationderi\1ethe (ormof the 
Heyrovsky~Hkovic equation that applies to the 
reaction: 

red --t ox + ne 

where both reduced and oxidisedspecies are sol~ 
uhle, and only the reduced speCies is pr:esent in 
the solution. Draw thewa.veobtained in this sit
uation. 

---~--- ..... -.-. .... ------
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SAQ 1.Sd 
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SAQ l.Se 
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SAQ 1.5f 

SUMMARY A-"lD OBJECTIVES 

Summary 

The factors; rate of electron transfer and rate of mass transport are 
discussed, and the resulting 1/E(WE) curves given for reversible 
and irreversible systems. The effect of diffusion control in imposing 
a limiting current is explained. 
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The application of the diffusion theory to the DME/solution inter
face leads to the Ilkovic equation relating the diffusion current (Jd) 
to the bulk analyte concentration. The Heyrovsky-Ilkovic equation 
leads directly to the shape of a typical polarogram (I / E(WE) curve) 
for a reversible process, and hence to the half-wave potential (El).

2 

Reversible and irreversible electrode reactions are considered and 
tests for reversibility given. The possibility of obtaining anodic waves 
and mixed waves in addition to cathodic waves is discussed. 

Objectives 

You should now be able to: 

• 	 explain the origin of a limiting current in a diffusion controlled 
electrode reaction; 

• 	 illustrate by sketches the effect of the rates of electron transfer 
and mass transport on the shapes of 1/ E curves; 

• 	 state the I1kovic equation; explain its origins and the assumptions 
upon which it is based and calculate the diffusion current using 
the equation: 

• 	 sketch the appearance of the diffusion current/time curve during 
the drop lifetime; 

• 	 derive the Heyrovsky-Ilkovic equation for a cathodic process and 
use it to explain the half-wave potential and the shape of the 
1/E(WE) curve; 

• 	 sketch the appearance of a typical polarogram and label the 
sketch; 

• 	 explain the meaning of reversible and irreversible in the context 
of electrode reactions and apply tests for reversibility; 

• 	 explain the origin of anodic and mixed waves and sketch the ap
pearance of such waves for reversible and irreversible systems. 
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1.6. 	 QUALITATIVE AND QUANTITATIVE ANALYSIS OF 
METALLIC CATIONS 

We have seen in the previous sections details of the required cir
cuitry, the design of the cell, the solution conditions and the theory 
relating observed current to analyte concentration. In this section 
we bring all of this together and apply it to the analytical problem. 
The treatment is deliberately restricted to applications to metallic 
cation analysis and only at the end is brief reference made to other 
applications. 

1.6.1. Summary of Typical Experimental Conditions 

It is appropriate here to bring together the knowledge of the exper
imental details of dc polarography that you have gained in the ear
lier sections. Briefly, in order to carry out the analysis for a metallic 
cation in solution, eg CU(lI), you would need to: 

set up the circuit (Fig. 1.2d), the components of which apart from 
the cell, would be incorporated in a modern commercial polaro
graph; 

assemble a three-electrode cell (Fig. 1.2g) using a DME (WE), Pt 
(SE) and SCE (RE); 

ensure that designed into the cell there were facilities for deoxy
genating the solution and thermostatting the solution if necessary; 

. 

dm -3 in a suitable solvent; 

. 	 duce the ana1yte m t he concentratIOn range . 10-2-10-5 molmtro 

incorporate into the solution a supporting electrolyte of concen
tration at least 10 times greater than the analyte concentration; 

ensure that a very small amount of maximum suppressor is added 
to the solution, eg Triton X-IOO; 

deoxygenate the solution if a reduction process is to be studied; 

check that the DME is providing drops of mercury at a suitable 
rate or actuate the mechanical device for tapping the electrode; 
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using a quiescent solution scan the potential over the required 
range of potential at a rate of 2-10 m V s -J and in the appropriate 
direction, eg 0 to - 2.0 V(SCE) for reductions, -2.0 V to 0 V 
(SCE) for oxidations; 

record the resulting polarogram on a x-y recorder with a fast 
response time. A result similar to Fig. 1.5f will be obtained if a 
metallic cation is the analyte. 

1.6.2. Interpretation of a Typical Result - Qualitative Analysis 

We have seen that a typical dc polarogram for a metallic cation takes 
the form shown in Fig. 1.5f. We shall be looking at such polarograms 
on several occasions from now on and it is convenient to omit the 
oscillations which are a feature of such polarograms, especially on 
the current plateau. You should not forget that these oscil1ations 
exist and their origins. Fig. 1.6a repeats the presentation of a dc 
polarogram and illustrates the two ways of obtaining the residual 
current. 

I Current plateau 

2 

3 

\ 

---~-+-,,~~==-.------
I ReSidual current 
I 
I 

E,/2 8 EWE 

Fig. 1.6a. Typical polarogram of a metallic calion 

1. polarogram of analyte solution; 
2. polarogram of solution containing 

only the supporting electrolyte; 
3. extrapolated linear part of 1 

--~ ..--..--..-------------------
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It may be obtained either by recording a polarogram for the support
ing electrolyte in the absence of the analyte or by extrapolating the 
initial linear portion of the analyte polarogram. It is best, during a 
series of experiments, to at least once verify that the two approaches 
give the same result. The most likely cause of a difference is an elec
troactive impurity in the analyte. We have dealt at some length with 
the capacitive current (Icp) and you are reminded that this is ex
pected to be the main contribution to residual current. Impurities 
in the solvent, supporting electrolyte and analyte form the remain
der and are usually negligible. Inadequate and/or variable levels of 
deoxygenation are an important source of error. 

(a) Measurement of half-wave potential and its significance. 

Fig. 1.6b shows a dc polarogram and a simple geometric construc
tion which provides a measure of objectivity in the assignment of 
the value of E ~. This method works even if the residual current and 

the current plateau lines are not parallel. 

I 

1 _
-1----

t 

3 +-------
t 

t 

t 

t 

5 _----~4 
- I 

I 
I 

____~__._J_ 

6 

Fig 1.6b. Determination of half-wave potential 
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Extrapolated lines (1) and (2) are constructed followed by (3) and 
(4) drawn vertically. The mid-points of (3) and (4) are now joined 
by (5) and where (5) intersects the wave, a vertical line (6) is drawn 
to locate EA' This is a distinct improvement on trying to estimate 
by eye the point of inflection on the wave. 

n 	 What other method do you know that gives an unambiguous 
value of E I? 

'j; 

In Section 1.5 we used a graphical test for reversibility based 
on the Heyrovsky-Ilkovic equation. For a reversible reaction 
this gives a value of E ~ from an intercept on the plot. 

Having obtained a value of E! from the polarogram, what is the sig
2 

nificance of this value? If we inspect the Heyrovsky-llkovic equation 
we see (Eq. 1.5k) that: 

""red D2 
10 oxI }E I = E -e- - RT In { 1 

"2 nF igx D;ed 

All of the factors in this equation are properties of the oxidised or 
reduced form of the analyte and we can say that E 1 is characteristic 

2 

of the 	reaction, 

ox + ne red, 

under the conditions of the experiment. The half-wave potential is 
the quantity obtained from dc polarography that may be used for 
qualitative analysis. The values are diagnostic for the cation which 
is present. Fig. 1.6e gives values of E 1 for selected metallic cations 

2 

all in the same supporting electrolyte. Fig. 1.6d shows the effect of 
a change in supporting electrOlyte on the value of E j' 
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Analyte: O 2 Pb(II) TI(I) Cd(II) O 2 Zn(II) H30 + 

E l(SCE)/V: 
2 

-0.05 -0040 -0046 -0.58 -0.90 -1.00 -1.58 

E-&(SCE)/V: -0.36 -0.57 -0.60 -1.00 

Fig. 1.6c. Values of E 1 for metallic cations In 0.1 mol dm- 3 
2 

aqueous KCl at 25°C 

Supporting electrolyte 

1 mol dm-3 1 mol dm-3 0.5 mol dm-3 

KCI KCN Na2 tartrate, pH 9 

Pb(Il) -0044 -0.72 -0.58 

Cd II -0.64 -1.18 -0.64 

Zn(II) -1.00 -1.01 -l.15 

Fig. 1.6d. Effect of supporting electrolyte on the value of 
E) at 25°C 

'2 

For a more comprehensive compilation of E ~ data you are referred 

to Meites (1965). We can use such tables o{ E 1 data in much the 
• 2 

same way as characteristic absorption frequency tables are used in 
infrared spectroscopy; they indicate the likely content of the solu
tion. Fig. 1.6e shows the polarogram expected for a solution con
taining lead, cadmium and zinc in aqueous 0.1 mol dm- 3 KCl. 
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Fig. 1.6e. dc polarogram for a solution containing Pb(II), Cd(ll) 
and Zn(II) in 0.1 mol dm- 3 aqueous KCI 

(b) Multi-analyte analysis. 

This leads us to consider the feasibility of multi-analyte analysis. 
Clearly if two waves are too close together there will be interfer
ence which will make accurate interpretation difficult. It is generally 
accepted that if the difference in half-wave potentials of successive 
waves (.6.£1) is >300/n mY, then the interference is negligible. 

2 

n 	 Why does the value of n have a bearing on this criterion for 
lack of interference between successive waves? 

This is because n affects the shape of the polarographic wave. 
The Ilkovic equation tells us that there is a direct effect on 
the wave height. ie on [d. The Heyrovsky-llkovic equation 
tells us that the value of n will affect the slope of the rising 
part of the wave. The greater the value of n the greater the 
slope, (Fig. 1.6f). 
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I 
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_--n=1 
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Fig. 1.6f. Effect of n on the shape of a reversible polarographic 
wave for the same concentration of analyte 

Those of you who wish can differentiate the Heyrovsky
Ilkovic equation (1.5j) to obtain dE /dI and then invert this 
to give dI/dE. Then put 1= Id/2, when E = E1 and show 

2 

that: 

(1.6a) 

Thus when n = 3 the slope is 9 times as great and the wave 
height 3 times as large as when n = 1, for the same concen
tration of analyte. 

There was available in the 1950's electronic circuitry that was capa
ble of differentiating the observed current and presenting dI IdE as 
a function of E. Fig. 1.6g illustrates this facility. E ~ emerges as the 
peak maximum and the peak height at the maximum is proportional 
to id. This is easily seen in Eq. 1.6a. A useful secondary advantage of 
these derivative polarograms is that closely spaced waves are more 
easily distinguished as peaks, ie the resolution is improved. This 
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simple extension of the dc method must not be confused with dif
ferential methods that will be described in later parts of this Unit. 

I 

I 

I 
 I
I II DerivativeII 

.11\ ! Ji\ 
I 

I I 

Normal 

Fig. 1.6g. Derivative polarogram 

1.6.3. Interpretation of a Typical Result, Quantitative Analysis 

The Ilkovic equation for metallic cation analysis takes the form 

(1.6b) 

Quantitative analysis using de polarography amounts to making use 
of the linear relationship between the diffusion current and the bulk 
analyte concentration. It may seem attractive to use the Ilkovic 
equation directly. However the diffusion coefficient (Dox) is usu
ally not known accurately for the particular solution conditions and 
more important, the constant 708 emerges from the less than per
fect model of the diffusion layer used in the derivation. The errors 
introduced are usually < lOS'':' but this is not satisfactory for serious 
analytical work. 

We turn then to the well-established methods used throughout ana
lytical chemistry for processing data to obtain a quantitative result. 
Two of these methods are used routinely in de polarography. 
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(a) Direct use of a calibration or working curve. 

Standard solutions having known concentrations of analyte are pre
pared and their dc polarograms are separately run to obtain values 
of the diffusion current. A calibration or working curve is produced 
(Jd = f( cox» which is usually linear. The polarogram of the un
known is now run under identical conditions and from the value of 
Jd, and using the calibration curve, cox (unknown) is determined 
(Fig. 1.6h). 

e EWE 

Fig. 1.6h. Calibration curve in de polarography 

It may not be immediately obvious from Section 1.2 but the assem
bling of the cell and subsequent emptying, cleaning and re-filling 
can be very time consuming. Hence dc polarography would benefit 
from a method that obviated the need to empty and re-fill the celL 
Such a technique is known as the method of standard additions. 
There are variants on this method but we will describe the one that 
is most useful for our purpose. An alternative version using a graph
ical method is described in 5.6.2. 

(b) The method of standard additions. 

In this method the dc polarogram of the unknown is run and care- . 
ful note is made of the volume of solution used (v). Let the mea
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sured diffusion current be hi (1). A standard solution of the analyte 
is made of concentration S and a volume (V) of this standard is 
added to the original solution. The mixture is stirred during the 
deoxygenation stage and the new (increased) diffusion current is 
measured - let this be Id(2). If the unknown analyte concentration 
was x, then from the llkovic equation, 

and 
Id(2) 	 ex ( v )x + (-':'----)S

V+v V+v 

The proportionality constants are the same for both equations. 

Thus 

(1.6c) 

The experiment is usual1y designed so that v ~ V, and S ~ x. In 
these circumstances, 

(1.6d) 

TI 	 A polarographic cell contains 10 cm 3 of a solution of analyte 
X in a supporting electrolyte and gives a diffusion current of 
3.6 /-tA. 0.10 cm3 of a standard solution containing 5 x 10-2 

mol dm- 3 X is now added and the new polarogram yields 
an I d value of 7.2 /-tA. What is the concentration of X in the 
original solution? 

The answer is 5 x 10-4 mol dm-3 

Using Eq. 1.6d we have: 

7.2 (0.10) 5 x 10-2 
- ~ 	1 + 
3.6 10 x 



89 ()pen Learning 

x ~ 5 	X 10-4 mol dm- 3 

Using Eq. 1.6c the answer would have been 4.9 x 10-4 dm-3, 

a 2% difference. Show that if 1.0 cm3 were added instead of 
0.10 cm3 the diffusion current would be 36.6 p,A and that the 
difference between the two values for x calculated using Eq. 
1.6c and 1.6d is about 11 %. 

Further additions may be made to the cell and each time the en
hanced value of Jd should fit Eq. 1.6c but the validity of 1.6d would 
become progressively worse. 

n 	 What advantages does the use of the method of standard 
additions have over the direct use of a calibration curve, 
other than obviating the need to empty, clean and re-fill the 
cell? 

This is testing your background knowledge of analytical 
chemistry. If there are present in the analyte unknown im
purities that could interfere with the analytical result then 
the method of standard additions is to be preferred. The 
calibration curve is constructed using results from standards 
containing only the analyte. If interferences are present in 
the unknown an erroneous result will be obtained. In the 
method of standard additions the unknown is present for 
all the measurements, hence so too are the impurities. The 
interference, if present, is common to all the measurements. 

This is a convenient moment to make another point. In the method 
described above we have made measurements on the same unknown 
at least twice and you have been told that repeated measurements 
may be made after successive additions of standard. Quite separately 
you should realise that one of the great advantages of dc polarog
raphy is that you can make repeated measurements on the same 
solution and obtain the same answer each time. 
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n 	 Why is it that the measured concentration of analyte does 
not decrease? 

Consider a typical dc polarography experiment. At a scan 
rate of 2 mV S-I, a wave is completed in about 100 s. During 
this time the current varies from < 1 J1A to say 50 J1A and it 
would be fair to sayan average of 10 J1A is obtained. For a 
10-4 mol dm- 3 aqueous solution of Pb(N03h in 10 cm3 of 
solution, what is the change in concentration as the result of 
the experiment? 

Answer is approximately 0.5% difference. 

10 J1A for 100 s = 10 X 10-6 X 102 = 1O-3C 

Number of Faraday passed = 10- 3 /96485 = 1.04 x: lO-H 

1 Faraday deposits 0.5 mol Pb 

5.2 x 1O-f) mol Pb removed from solution 

Solution had 10-4 /102 mol Pb in lOcm" = 10-6 mol 

Change is 5.2 x 1O-{) mol in 10-0 mol, ie ~ 0.5% 

Very little electrolysis occurs during anyone experiment. Dc po
larography is classified as an example of a microelectrolysis method 
for this reason and we see that it is also virtually non-destructive. 

We have discussed quantitative analysis in terms of reversible reac
tions and you are reminded that irreversible reactions do not yield 
a value of E1 with the same significance as that for reversible reac

2 

tions. What about the value of ld - is this of any value? The answer 
is yes, usually. The val ue of I d obtained is still given by the llkovic 
equation and the linear relationship between ld and cox is often 
retained. For any reaction you must measure Id as a function of the 
concentration of analyte and investigate the relationship. Usually 
this is linear and analysis is carried out in the same manner as for 
a reversible reaction. 
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1.6.4. Analytes other than Metallic Cations 

A brief mention only is made here of the wide range of applications 
of dc polarography. It is possible to study oxidation reactions as well 
as reduction reactions, provided they occur within the voltage limits 
set by the DME/solvent/supporting electrolyte system. Examples of 
metallic cation oxidations are Cu(J); Ce(IlI). Inorganic species, other 
than metallic cations may also be determined, eg N03, NOi, S2-. 
Finally there is the extensive and rapidly growing field of applica
tion to organic materials particularly in the biochemical, medicinal 
and pharmaceutical areas. Provided it is possible to oxidise or re
duce an organic species chemically it is almost certain that the same 
reaction can be brought about electrochemically. Often the electro
chemical method offers greater selectivity, ie control over the nature 
of the reaction product. Examples of organic analysis by polarogra
phy are: benzodiazepines (eg Valium); antibiotics (eg streptomycin); 
vitamins (eg riboflavin); steroids (eg progesterone). This is an im
pressive list and shows the versatility of the technique. Bear in mind 
that to reach the low detection limits required in realistic determina
tions of these compounds, the more advanced forms of polarography 
would be required. 

Before leaving the subject you should be reminded again that dc 
polarography yields more than just an analytical result. It gives in
formation about the rates of the electrode processes and is a very 
valuable tool for mechanistic studies, especially when the process 
becomes irreversible. In this area (non-analytical) the dc method re
mains a better method than most of the more advanced techniques. 

SAQ 1.6a Describe .~ typical de polarography experiment 
de,g,if\e<l Wobtain the polarogram of a mixture 
of Pb:<II)and.2n(1l) .10n5 in their aqueous so

··l11ticms as nitrates at 25 "C and both at concen
trl!ti611!i.o'fabout lO-~moldm- 3• Sketch the ex
pe~tedpolarogramand show how you would de
t.erm'in.e the val\leof £.1 for each analyte. 

. ......• 2 
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SAQ 1.68 


SAQ 1.6b Consult tbedata in Fig. 1..6cruufcomment .on 
tnefeasibllity oianalysing for Pb(ll)aJld TI(I) 
ions in the same solutiotl~t ~59C! What differ:,· 
ence .w()uli:l it make:!f Pb(ll) were l1l(){lovalent 
Of if the concentrations of tbetwpi6~$di:ff¢red 
greatly? 
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SAQ 1.6c 

4.75 

UIllltttCt\Vn had been a sample de
"''''''nl~''''· eftJuent whieh contains 

Zn(U). Do you consider 
used to besatis
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SAQ 1.6d Wby is de polarographysaidtQbea ,nQn* 

analysIs. 

destructiv,e methol3 . of analys.is?;Nla~eoJleoth~r 
non-~estructiveand one desttuetivepl~thci4: of 

SUMMARY AND OBJECTIVES 

Summary 

A summary of the essential requirements for a de polarography ex
periment is given in the form of a step-by-step description of the 
experiment. The resulting polarogram is discussed from the point 
of view of qualitative and quantitative analysis. The key to quali
tative analysis is the value of the half-wave potential (E 1) and a 

z 
method is described to give accurate values of this quantity. These 
values are seen to vary with solution conditions. Ouantitative analy
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sis is a matter of obtaining values of the diffusion current (Jd) which 
are linearly related to analyte concentrations. The direct calibra
tion curve method and the standard addition method of obtaining 
a quantitative result are explained and compared. Dc polarography 
is categorised as a non-destructive method and as an example of a 
microelectrolysis method. 

Dc polarography as an analytical method is not confined to the anal
ysis of metallic cations. 

Objectives 

You should now be able to: 

• 	 describe a typical experiment designed to obtain the dc polaro
gram for a metallic cation, and obtain a value of the half-wave 
potential; 

• 	 explain the use of E1. data as diagnostic for the reaction under 
2 

investigation and discuss the possibilities for multi-cation analysis 
and state the criterion for resolution of neighbouring waves; 

• 	 explain the origin of a derivative polarogram and state its advan
tages over the normal polarogram; 

• 	 describe the calibration curve and standard additions method of 
obtaining a quantitative result from polarographic data and state 
the advantages of the latter method; 

• 	 perform calculations based on the calibration curve and standard 
additions method. 

1.7. LIMITATIONS AND PROBLEMS 

Since this closing section is devoted to a criticism of dc polarogra
phy we will start by reminding ourselves of the advantages of the 
DME, which is the feature that sets polarography apart from other 
voltammetric methods. These advantages are: 
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the drops are reproducible in size and each drop grows in an 
environment almost identical to that of its predecessor giving 
rise to reproducible currents for the same conditions; 

a new surface is presented with each drop so that no appreciable 
accumulation of reaction product at the surface can occur, either 
as adsorbed species or as precipitates; 

species present in the solution, other than those involved in the 
electrode reaction, are also unable to adsorb to any extent during 
the lifetime of the drop; 

electrolysis is so small that solutions may be analysed many times 
with no appreciable change in the analyte concentration; 

the overpotential for the reduction of the hydronium ion is high 
so that interference from reduction of this species does not occur 
until potentials more negative than -1.6 V (SeE) unless the pH 
is low. 

We can now turn to the limitations of the method and first of these 
is the voltage limit of about 0 to - 2 V (SeE) in aqueous solution. 
This is not a serious limitation for metallic cation analysis but it is 
for organic analysis. The use of non-aqueous solvents and support
ing electrolytes such as tetraalkylammonium salts (1.4) enable the 
negative limit to be extended to about V (SeE). Little can be 
done about the anodic limit which is determined by the tendency 
of mercury to oxidise at potentials in the range 0-0.2 V (SeE). 

The next and most important limitation is the high detection limit. 
Dc polarography is best used for metallic cations in the range 10-2_ 

10-4 mol dm -3. At concentration> 10-2 mol dm -3 the large change 
in concentration at the electrode surface causes the currents to be
come erratic. At concentrations < 10-4 mol dm -3 the capacitive 
current (Jcp) becomes comparable with the diffusion controlled 
Faradaic current. This sets a detection limit of at best 10-5 mol 
dm - ..\ In addition the depletion in analyte concentration near the 
electrode during the initial stages of the growth of the mercury drop 
causes a loss of sensitivity. It is generally accepted that experiments 
done with unthermostatted cells are capable of giving results which 
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are reproducible to ± 2%. Provided great care is taken in the exper
iments and the cells are thermostatted then it is possible to achieve 
reproducibility of about ± 0.2% when the analyte concentration is 
in the favourable range of 10-2_10-4 mol dm- 3• 

We have only touched upon complications or problems. We have 
mentioned the fact that some reactions are irreversible in the elec
trochemical sense and that although this changes the wave shape it 
does not necessarily prevent the use of the wave for analytical pur
poses. In passing we noted the effect of the nature of the supporting 
electrolyte on the half-wave potential (Fig. 1.6d). It is clear that 
the half-wave potential may be changed by changing the supporting 
electrolyte and this is used to selectively move waves when succes
sive waves overlap. A good example is the effect of the presence of 
cyanide ions on the half-wave potential of Cd(II). The value of E 1 

2 

Cd (11) in 0.1 mol dm-3 KCI is -0.58 V (SCE), whereas in 1 mol 
dm -3 KCN it is -1.18. V (SCE). This is due to the formation of a 
complex cation with a wave that can still be used in the analysis for 
Cd(IJ). This is a matter of taking advantage of what is fundamentally 
a problem, ie any species capable of complexing with the analyte will 
alter the expected wave. In addition to these two problems there are 
three other effects which can cause problems. 

Catalytic hydrogen currents. These are only of importance in or
ganic applications. They are caused by organic species adsorbed 
on the electrode that are capable of protonation. 

Adsorption currents. The reactant or product of the reaction 
adsorbs strongly or if the product is insoluble it simply adheres 
to the surface. This gives rise to an adsorption current. 

Kinetic currents. If the reactant or product is able to participate 
in a non-electrochemical reaction in the solution which either 
precedes, parallels or follows the electrode reaction then kinetic 
currents are caused. 

All of these effects cause either distortion of the expected analyte 
wave or extra waves to appear, sometimes preceding and sometimes 
following the analyte wave. These effects will be pursued further in 
the next part of this Unit. 
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SAQ 1.7a Sumtnari~~' tb~mi~i~'}bni~tio 
associated . \vit:hij~' p:(;)~t()lra' 

SUMMARY AND OBJECTIVES 

Summary 

The advantages of the use of the DME are listed. 

Limitations include the restricted voltage window in dc polarogra
phy and the relatively high detection limit of about 10-5 mol dm -3: 

The reproducibility of the method is routinely ±2% working at 
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ambient temperatures and can be as good as ±0.2% when ther
mostatted cells are used for the method's optimum concentration 
range of 10-2_10-4 mol dm- 3• 

Problems can arise from irreversible waves, complexing, catalytic 
currents, adsorption currents and kinetic currents. 

Objectives 

You should now be able to: 

• 	 list the advantages of the use of the DME as a working electrode; 

• 	 discuss the limitations of de polarography in terms of the volt
age window, the detection limit and the reproducibility of the 
method; 

• 	 list the various effects that can cause problems in de polaro
graphy_ 



2. Electrode Processes 


Overview 

You have already learnt that the height of a polarographic wave can 
be limited or controlled by the rate at which the analyte diffuses 
to the electrode. In this Part you will learn how to identify other 
types of polarographic waves and understand their role. These new 
types of polarographic current should generally be seen as potential 
interferences to be identified and avoided. 

You will be introduced to the role of solvent, pH, and complexa
tion in polarography, to permit an intelligent choice of a suitable 
supporting electrolyte for a given analytical problem. The use and 
advantages of electrodes other than the dropping mercury electrode 
will be considered. 

2.1. Reversible and Irreversible Processes 

Throughout this study you will meet the term thermodynamical re
versibility. The degree of reversibility of the electrode reaction can 
have a profound effect on the polarographic behaviour and influ
ence its analytical application. However for the present purposes a 
simple qualitative picture is sufficient. 

100 
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Thermodynamical reversibility is not whether the reaction can run 
in reverse or not, but a question of energy and kinetics. 

Cadmium ions (in KCl) undergo a thermodynamically reversible 
reduction to cadmium metal. However a certain percentage of the 
cadmium metal atoms formed are continuously reoxidised back to 
cadmium ions. Both the forward and this back reaction are rapid. 
The rate of the overall reaction from cadmium ions to the metal is 
a balance of the forward and back reaction rates with the forward 
dominating. It is the back reaction which determines whether the 
electrode process is thermodynamically reversible. 

In a thermodynamically reversible electrode reaction the back re
action, from products back to the original species, occurs at an ap
preciable rate (at the potential of the wave) and must be taken into 
account. In a thermodynamically irreversible process the back reac
tion rate is negligible at the potential of the polarographic wave. In 
a reversible process the direction of the electrode reaction repeat
edly reverses, for individual molecules or ions, between forward and 
back reactions. The overall reaction goes forward because the for
ward rate is the more rapid. An irreversible process is a one way 
only process and does not reverse at the potential of the wave. 

Since a thermodynamically reversible electrode process is one in 
which the the overall reaction rate is a balance between the forward 
reaction to the product and the back reaction from product back to 
the original species, both the original species and the products must 
control the properties of the wave and the potential at which the 
overall reaction occurs. Thus the half wave potential of the wave, 
is controlled by the energy difference between the original species 
and the electrode reaction product. The half wave potential will he 
close to the theoretical standard electrode potential for the reaction. 

n What is the relationship between energy and potential? 

A potential or voltage is itself a measure of energy available. 
Energy, for example, is often quantified in terms of elec
tron volts, the energy taken to move one electron through 
a potential difference of one volt. More important a poten
tial is a direct measure of the Gibbs free energy change in a 
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reversible electrochemical reaction as expressed in the sim
ple relationship: 

~G = - nPE 

where ~G is the free energy change per mole, and E the 
potential generated. 

Iron(III) in some solutions produces a well formed cathodic (reduc
tion) wave, in which the iron (III) undergoes a thermodynamically 
reversible reduction to iron(II). Since the potential of this wave is 
determined by the energy difference between iron(lI) and (III), it 
could be expected that a solution of iron(II) in the same media 
would produce a well formed anodic (oxidation) wave at exactly 
the same potential. In both cases the potential of the wave would 
be determined by the same energy difference. In practice :the two 
waves are separated by a very small difference in potential, (59/n 
mY where n is the number of electrons transferred, in this case 1). 
The current in one wave flows in the opposite direction to the other. 
If both iron(ll) and (III) are present in the same solution a single 
wave should develop with part cathodic and part anodic. The cur
rent direction will reverse part way up the wave. If the reversibility 
of the reaction is lost, through some addition to the solution, the 
cathodic and anodic waves will separate and move apart. 

In a thermodynamically irreversible electrode process the rate of 
the back reaction, restoring the original species, is negligible. The 
potential of the reaction is concerned only with the original species 
and the forward reaction rate and not with the product. The poten
tial could be thought of in terms of an activation energy required to 
get the reaction going. 

SAQ 2.1a What is meant by the term activation energy? 
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SAQ 2.1a 

For some irreversible processes the back reaction is simply not pos
sible. For example when an alkene is reduced to an alkane, it is 
often impossible to reoxidise the alkane back to the alkene at any 
available potential. 

For other irreversible processes it is possible to reverse the electrode 
reaction but only at much increased potentials. Hydroxylamines un
dergo irreversible reduction to amines. At the potential of the reduc
tion wave, the rate of the back reaction (reoxidation of the amine) 
is negligible. However at much more anodic (positive) potentials 
a solution of the amine can undergo oxidation. This oxidation is 
also an irreversible process and at these more anodic potentials re
reduction of the hydroxylamine back to amine has become negligi
ble. Thus the cathodic wave (reduction of hydroxylamine to amine) 
and anodic wave (reoxidation of the amine) occur at widely sepa
rated potentials. At each wave the appropriate back reaction rate 
is negligible. In both cases the potential of the wave is determined 
by the initial species only and not by the electrode product. (The 
oxidation of the amine in fact usually occurs at potentials too an
odic to be achieved at a dropping mercury electrode and requires a 
graphite electrode to be seen.) 

The above can be summarised as follows: 
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for a thermodynamically reversible reaction the reverse reaction 
from product to original species occurs at the same potential 
as the forward reaction, thus the respective polarographic half 
wave potentials or peak potentials should coincide at a potential 
determined by both original reactants and electrolysis products; 

thermodynamically irreversible electrode reactions either can
not be reversed or the reverse reaction takes place at a much 
higher potential. The potential of each irreversible process is 
determined by the original reactants only and not by the elec
trolysis products. 

This will be discussed again in Section 2.7. 

2.1.1. The Potentia] Controlling Step 

Many thermodynamically irreversible electrode reactions in fact 
take place in several steps. One of the steps, often the addition of the 
first electron, is the slowest step and thus this is the rate determining 
step. As the rate determining step it is also determines the potential 
of the reaction. We thus speak of the potential-determining step. 
Subsequent faster electrochemical reactions will not alter the half 
wave potential but merely add to the height of the wave. 

Thermodynamically reversible electrode reactions can be effectively 
considered as occurring in a single step as only original and final 
products are important. 

2.1.2. Species Giving Rise to Several Waves 

The above description applies to a single polarographic wave. A 
single species can, of course, give rise to several waves representing 
different overall processes. Each wave will have its own degree of 
reversi bility. 

Most nitrobenzenes, for example, give rise to two waves. The first 
wave is an overall four electron reduction to the hydroxylamine. 
The process is thermodynamically irreversible with the addition of 
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the first electron as the potential-determining step. The second wave 
is due to a further two electron reduction of the hydroxylamine on 
to the amine. This wave is also irreversible. The first is sharp and 
has a well formed shape but the second wave is poorly formed (Fig. 
2.1a.). 

f 

E 

Fig. 2.1a. The current-potential curve for a nitrobenzene 

PhN02 + 4e + 4H+ --I- PhNHOH + H 20 

PhNHOH + 2e + 2H + --+ PhNH2 + H20 


Iron(III) in certain media gives rise to two waves, the first a one 
electron wave with iron(IJ) as the product and second is due to the 
reduction of this iron(ll) to metallic iron. Both waves are thermo
dynamically reversible. 

In other cases one wave may be reversible and the other not. 

2.1.3. The Significance of Reversibilty 

The significance of reversibilty in the analytical context lies in its 
effect on the wave shape (or peak shape in some of the more ad
vanced polarographic techniques). Irreversible processes give rise to 
broader less steeply rising waves or broader peaks. While very many 
irreversible processes do give rise to well formed waves suitable for 
analytical application, with others the poor wave shape lowers their 
precision and hence analytical usefulness. A good example would 



106 Analytical Chemistry 

be the nitrobenzenes mentioned above, the first wave (Fig. 2.1a) is 
suitable for polarographic analysis the second is not suitable. Those 
more advanced polarographic techniques which yield peaks rather 
than waves, show a loss in sensitivity and resolution as irreversibility 
makes the peak shorter but broader. This also renders the calibra
tion useless. 

The presence of surface active agents in the solution can sometimes 
lower the reversibility of the electrode reaction and thus alter the 
shape of the wave. The adsorbed material can create an additional 
energy barrier for the process to cross and reduce the reaction rates. 
If the process becomes dominated by a large activation energy bar
rier rather than the energy difference between the original species 
and the electrolysis product, then the process will cease to be re
versible and become irreversible with a negligible rate for the back 
reaction. 

2.2. TYPES OF CURRENT FOUND IN POLAROGRAPHY. 
There are many types of current met with in polarography. Most 
types of current are not analytically useful. Fortunately the most 
useful, the diffusion controlled current, is also very common. 

The polarographic signal usually consists of a wave. At low poten
tials no current flows. As the potential is raised a threshold voltage 
will be passed and the electrolytic process will begin. This threshold 
value is often known as the deposition potential. As the potential is 
raised further the current will rise exponentially. However it can
not continue to rise forever and eventually some process must limit 
the rise. Thus the rise in current will flatten out to form a second 
upper plateau, creating the typical polarographic wave. The current 
flowing at the upper plateau is known as the limiting current and is 
physically measured as the wave height. 

A number of different processes can be responsible for limiting the 
rise in current. In essence, electrolysis can only occur as rapidly as 
the electro-active species is made available to the electrode surface. 
For example when the rise is limited by the maximum rate at which 
the analyte can diffuse to the electrode, we speak of a diffusion
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controlled limiting current, or of a diffusion-controlled wave. Often 
the term diffusion current is used. When the kinetics or rate of 
a chemical reaction limits the electrolytic current, we speak of a 
kinetic current. And so on for other types of current. 

Since some types of current are more useful or more reproducible 
than others it is necessary always to identify the type of current 
involved. 

2.2.1. Faradaic Current 

This is a general term for all currents caused by electrolysis of chem
ical species in the solution. It is so-called because electrolysis obeys 
Faraday's law. The term is used to differentiate electrolysis currents 
from currents, such as capacitive current, in which the cell is acting 
as an 'electronic' component. Diffusion current, kinetic current etc 
are all types of faradaic current. 

SAQ 2.2. [ What is Faraday's Law? 
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2.2.2. Diffusion Current 

This is the only generally useful type of current from an analytical 
viewpoint. While other types of current occasionally find analyti
cal application, diffusion current is generally the most reproducible 
type of current. 

In a diffusion-controlled process the limiting current is controlled 
by the rate at which the species involved can diffuse to the surface of 
the electrode. As electrolysis continues the solution in the vicinity 
of the electrode becomes depleted of the electroactive species which 
must diffuse in from further out. 

This would produce a drop in the current value, but the dropping 
mercury electrode itself is growing in surface area and growing out 
towards fresh solution. This would cause an increase in the cur
rent with time during the drop lifetime. These two opposing factors 
combine to give an overall rise in current during the drop lifetime. 

By combining these two factors llkovic derived the famous equa
tion bearing his name, already discussed in 1.5.2 (Eq. LSd). For a 
cathodic (red uction) process 

(1.Sd) 

In classical dc polarography the average current during the drop 
lifetime is measured. For the average current Id the Ilkovic equation 
becomes: 

(l.Se) 

Notice that the only difference in the two forms is the constant 607 
or 708. 

In these equations nand D are characteristic constants for the elec
troactive species and m and t are electrode parameters which can 
be kept constant. Therefore the limiting diffusion current is pro
portional to the concentration of the electroactive species in the 
solution. Thus the limiting diffusion current measured as the wave 
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height can be used as an analytical tool to determine the concentra
tion of the species. 

Diagnostic criteria for diffusion currents are as follows. 

The wave height is proportional to concentration. 

With a freely dropping mercury electrode, the wave height is 
proportional to the square root of the height of the mercury col
umn used. (Note that in order to observe this effect the drop 
must not be knocked off with the hammer attachment on most 
instruments. Allowance should be made for a small back pres
sure due to surface tension - about 1 cmHg.) 

If the 	current is measured during the drop lifetime it will be 
, 1 

seen to rise in proportion to t"6. As the Ilkovic equation is only 
an approximation the diffusion current is usually proportional to 
ll.lQ. 

Diffusion currents are relatively insensitive to temperature. The 
diffusion coefficient increases as the temperature rises, increas
ing the current by about 1.8% K - J • 

Diffusion currents are usually independent of pH. With many 
organic compounds and some metal complexes the half wave 
potential, ie the position of the wave, is dependent on pH. The 
wave height however is usually independent of pH over wide 
ranges. The exception is in the vicinity of a pKa value where the 
electroactive species will be undergoing protonation or depro
tonation to another form. The wave height may change rapidly 
if the new form exhibits different polarographic behaviour. 

Il 	 What is the difference between a proportional and a linear 
relationship? 

When plotted as a graph both give a straight line. The pro
portional relationship (y = mx) passes through the origin 
(0,0) while the linear (y = mx + c) does not. 
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n 	 The height of the mercury column does not appear in the 
Ilkovic equation. How can you explain that the current is 
dependent on the height of the mercury column, as stated 
above? 

The Ilkovic equation contains terms for the mercury flow 
rate and the drop lifetime. Increasing the height of the mer
cury column will clearly increase the flow rate and shorten 
the drop lifetime. If a freely dropping electrode is used, m is 
proportional to hand t is proportional to h- I (see Section 
1.3.2). The arithmetic details are not important to you, the 
result as a diagnostic tool is. 

Diffusion in an unstirred solution is a highly reproducible phe
nomenon. Since the height of a diffusion-controlled wave is pro
portional to concentration, and is independent of pH and relatively 
insensitive to temperature, it is highly suited to analytical applica
tion. 

2.2.3. 	 Migration Current 

This current is caused by the acceleration of ions towards (or away 
from) the electrode by electrostatic attraction. It is not a useful type 
of current. It does not have a linear relationship with concentration. 
It is usually supressed by adding at least a fiftyfold excess of an in
active supporting electrolyte which shields the ions of interest from 
the electrostatic attraction. 

SAQ 2.2b What effect w(}uld migrationcurrentha.¥~ on 
the overall limiting .(!urrent, or w~ve height, fo.r 
(i) electrostatic attractlonand (ii)repulsIon,re
spectively, of the analyte to the ele.ctrode'1 
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SAQ 2.2h 

2.2.4. Kinetic Currents 

There are many types of kinetic current. In all of these the electroac
tive species is not originally present in the solution, but is formed 
by a preceding chemical reaction in the solution or sometimes on 
the electrode surface. 

The rate of the chemical reaction is crucial. An extremely slow 
reaction would show up as a slowly rising conventional diffusion
controlled wave. However if the rate of chemical production is faster 
than the rate of diffusion, the limiting current will be diffusion con
trolled. For a kinetic wave to form, the rate of the chemical reaction 
must be relatively rapid but significantly slower than the rate of diff
ision. 

A good example would be the reduction of formaldehyde 
(methanal). In aqueous solution formaldehyde exists as its mono
hydrate CH2(OHh- This is not electroactive and must undergo de
hydration to the free aldehyde before it can undergo reduction to 
methanol. 
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The limiting current is almost entirely controlled by the rate of the 
dehydration reaction. 

For such a simple first order reaction the kinetic current h is given 
by 

(2.2a) 

where kf is the forward rate constant (S-I) of the preceding chemical 
reaction and K is the equilibrium constant of the reaction. 

Diagnostic criteria for kinetic currents are as follows. 

The wave height is proportional to concentration. 

With a freely dropping mercury electrode, the wave height is 
independent of the height of the mercury column used; 

If the current is measured during the drop lifetime it will be seen 
.. • .?

to nse In proportIOn to t:l. 

Kinetic currents are highly sensitive to changes in temperature, 
the current increases with rising temperature. This is because the 
rates of chemical reactions are themselves highly dependent on 
temperature. As the temperature rises the kinetic current will 
rise dramatically, often in the range of 10-20% K I. If the tem
perature rises high enough the rate of the chemical reaction will 
exceed the rate of diffusion, and the wave will become diffusion
controlled. 

Kinetic currents are often highly sensitive to pH changes, be
cause rates of chemical reactions are often, but not always, sen
sitive to pH. 

Kinetic currents are generally smaller than the corresponding 
diffusion current. 

The above equation (2.2a) and diagonistic criteria only apply strictly 
to simple first order reactions preceding the electrolysis. The details 
may vary for more complicated kinetics. 
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n 	 How might the relationship between the current and time 
be experimentally measured during the drop lifetime which 
lasts only 1 or 2 s? 

An oscilloscope could be used, with a memory or a photo
graphic record. Most chart recorders would not have a fast 
enough reaction time to allow accuracy. 

SAQ 2.2c Ft;omex,perimelltal data how might one detet

~t°l':°r~9rian 
mioeto. whieh power of the time the current is 

. 
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With a proportional relationship between the current and the con
centration, kinetic waves might seem suitable for analytical applica
tion. However, because kinetic currents are so sensitive to temper
ature and pH, sufficient reproducibilty and accuracy can rarely be 
obtained, even with the best temperature control generally available. 

2.2.5. Diffusion Currents with a Kinetic Contribution 

This also involves a chemical reaction preceding the electrochemi
cal step. In this case the rate of the preceding chemical reaction is 
more similar to the rate of diffusion and the limiting factor on the 
current is a combination of both diffusion control and the rate of 
the chemical reaction. 

A typical example would be the reduction of some organic acids, 
such as fumaric acid, at pH values in the region of their pK values. 
Both the acid and its anion will be present in the solution in an 
equilibrium ratio. If only the acid form is electroactive at the given 
potential, we might expect the height of the wave to correspond 
to the equilibrium concentration of the acid form in a diffusion
controlled wave. However by removing the acid form by electrolysis, 
we have disturbed the equilibrium. The equilbrium wi]] attempt to 
restore itself by protonation of the anion. This chemical reaction 
will produce more electroactive acid and the limiting current will be 
increased. The increase is known as the kinetic contribution since it 
depends on the rate at which the protonation reaction occurs. Well 
away from the pK value this rate will be negligible or the compound 
will be totally in the electroactive form. 

Diagnostic criteria for diffusion currents with a kinetic contribution 
are as follows. 

The wave height is proportional to concentration. 

With a freely dropping mercury electrode, the wave height is 
proportional to somewhere between hO and h1 where h is the 
height of the mercury column. 
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If the current is measured during the drop lifetime it will be seen 
to rise in proportion to a power of t between 2/3 and 116. 

These currents are highly sensitive to changes in temperature, 
the current increasing with rising temperature. As the temper
ature rises the kinetic component will rise dramatically. If the 
temperature rises high enough the rate of the chemical reac
tion will exceed the rate of diffusion, and the wave will become 
totally diffusion-controlled and dependent on the sum of both 
electroactive and electroinactive forms. 

The kinetic component of these currents is often highly sensitive 
to pH changes, because rates of chemical reactions are often, but 
not always, sensitive to pH. 

Again this type of current is best avoided for analytical purposes. 
Usually it is possible by choice of temperature, pH etc to find con
ditions where the kinetic component is negligible and the wave is 
purely diffusion controlled. 

2.2.6. Catalytic Currents 

These are also kinetic currents except, that now the chemical reac
tion or the electrolysis regenerates the original substance on which 
the height and position of the wave depends. Since this substance is 
not consumed by the electrolysis, it plays the part of a catalyst and 
hence the wave it generates is known as a catalytic wave. 

The most common variety is the catalytic hydrogen wave. A good 
example is the catalytic wave generated by pyridine. Pyridine un
dergoes a protonation reaction to the pyridinium ion. 

The pyridinium ion is then reduced with the regeneration of the 
pyridine and hydrogen gas liberated. In practice the overall reaction 
is the reduction of the hydrogen ion to hydrogen gas. However this 
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occurs at a potential significantly lower than that for the normal re
duction of the hydrogen ion and forms an independent wave whose 
height is controlled by the concentration of the pyridine. Because 
the pyridine is not consumed and is rapidly regenerated, the limit
ing current is very much larger than that of a diffusion-controlled 
reduction of pyridine. 

Unfortunately catalytic currents are usually of poor reproducibility 
and thus of limited analytical use. On the other hand being often 
two orders of magnitude larger than diffusion currents they do offer 
greater sensitivity. An analytically useful example is the determi
nation of molybdate by means of its catalytic reduction of nitrate. 
The molybdate ion. Mo(Vl), is reduced at the electrode to molyb
denum(III) ions. In an excess of nitrate the molybdenum(III) ion 
reduces the nitrate ion and is itself reoxidised to molybdenum(VI) 
in the subsequent chemical step. The regenerated molybder.lUm(VI) 
is available for more reduction and the subsequent catalytic wave 
is about 200 times greater than the diffusion controlled wave in the 
absence of nitrate. In the presence of a large excess of nitrate the 
wave height depends only on the original molybdate concentration. 

Diffusion currents can also be increased by a catalytic component. 
This is usually a nuisance. For example in some supporting elec
trolytes chromium(III) produces a one electron wave in which it is 
reduced to chromium(II). However chromium(ll) is a rather unsta
ble and powerful reducing agent, and some of it is reoxidised by wa
ter or other solution components back to chromium(III). This regen
eration adds a catalytic component to the diffusion-controlled wave. 
This addition to the wave height is of poor reproducibility and ren
ders the wave unsuitable for analytical application. Chromium(III) 
is best determined polarographically by using thiocyanate as a com
plexing agent in the supporting electrolyte. The thiocyanate complex 
of chromium(lII) exhibits a three electron wave, being reduced to 
chromium metal. 

n 	 Write down the relevant chemical equations for the various 
steps of the catalytic component of a wave in which some of 
the chromium(II), produced in a one electron reduction of 
chromium(III), reduces water. Write down the overall elec
trode reaction for this catalytic component. 
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Cr3+ +e Cr2 + 


Cr2 + + H2O ----+ Cr3+ + O.5H2 + OH

H2O +e ----+ O.5H2 + OH-


In acid solution this becomes: 


Cr3+ +e Cr2+ 


Cr2 + + H+ ----+ Cr3+ + O.5H2 


H+ +e ----+ O.5H2 

In practice this reaction with water is relatively slow and most 
of the electrode reaction is the reduction to Cr(I1) which 
diffuses away into the solution bulk. The catalytic compo
nent would be relatively small. It still represents a significant 
uncertainty and other unknown solution components could 
produce a much larger catalytic component. This wave due 
to reduction ofchromium(IlI) to chromium(I1) is quite un
suitable for analytical application. Conditions in which the 
chromium(III) is reduced to the metal in one step should be 
sought. 

Diagnostic criteria for catalytic currents are as follows. 

The wave height is often proportional to concentration, but in 
other cases may tend towards a limiting maximum height. This 
will often depend on whether the catalytic reaction occurs in the 
solution or on the surface of the electrode. 

n 	 If a catalytic reaction occurs on the surface of the electrode 
why should the wave height tend to a constant maximum 
with increased concentration? 

The surface of the electrode contains only a fixed number of 
sites on which the species concerned can adsorb. The num
ber of surface sites is limited and once fully occupied, in
creasing the concentration will have little effect. 
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With a freely dropping mercury electrode, the wave height is 
frequently independent of the height of the mercury column. 
But many different dependencies on the height of the mercury 
column are found varying with the nature of the catalysis. A 
wave height which increases as the height of the mercury column 
decreases will always be a catalytic process. 

If the current is measured during the drop lifetime it will typ
2

ica11y be seen to be proportional to t3, although other depen
dences are also known. 

Catalytic currents are highly sensitive to changes in temperature, 
because the rates of the chemical reactions involved are them
selves highly dependent on temperature. 

Catalytic currents are often highly sensitive to pH changes, be
cause rates of the chemical reactions are often, but not always, 
sensitive to pH. Catalytic hydrogen waves are particularly sensi
tive to pH decreasing very rapidly with increasing pH. 

Catalytic currents are genera11y very much larger than the cor
responding diffusion current. Kinetic currents, in contrast are 
smaller than the corresponding diffusion current. 

The above criteria present a confused picture because of the varied 
nature of catalytic processes. In general there is a resemblence to 
kinetic currents. The most telling diagnostic criterion is that catalytic 
waves are much larger than diffusion-controlled waves. 

Catalytic waves are generally not suitable for analytical application, 
as most are not very reproducible. When a catalytic wave is ap
plied, for its greater sensitivity, great care must be taken with the 
conditions pH, temperature, etc to ensure an acceptable level of re
producibility. Diffusion-controlled waves with catalytic components 
are best avoided altogether. 



119 Open Learning 

SAQ 2.2d Wlu:rls the essentiaJ\l.ifference between a cat
':~~)t~iClllW~nd akineticaUycontrolled wave? 

2.2.7. 	 Adsorption Waves and Phenomena (A Polarographic 
Chamber of Horrors) 

Adsorption phenomena are the greatest single hazard facing the 
analyst using polarographic methods. They come in many varied 
forms, most of them as interferences in analytical applications. Most 
are highly irreproducible. The analytical chemist using polarogra
phy must always consider the danger of surface active agents being 
present in his solutions and samples. 

The adsorbed species causing any given adsorption effect can either 
be the electroactive species of interest or some other species in the 
solution. One species can itself give rise to several different adsorp
tion phenomena, as one chemical species is capable of existing in 
several different adsorbed forms. 
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IT 	 What is the difference between adsorption and absorption? 

Adsorption is a surface phenomenon. Absorption is a bulk 
phenomenon. They must not be confused. 

IT 	 How can one chemical species have several different ad
sorbed forms? 

Each form represents a different orientation of the molecule 
to the adsorbing surface, or differences in the bonding to 
the surface and the bonding group. The more complex the 
molecule the more potential adsorbed forms are likely to be 
found. 

(a) Adsorption prewaves and post waves. 

This is the simplest and most reproducible type of adsorption phe
nomenon. With many polarographic waves, the main diffusion
controlled wave is accompanied by a small preceding or following 
wave of constant height (Fig. 2.2a). This is an adsorption prewave 
or postwave, sometimes known as a Brdicka adsorption prewave or 
postwave. 

I 

E E 

U) 	 Ui) 

Fig. 2.2a. A diffusion-controlled wave with an adsorption prewave 
(i) or postwave (ii) 
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The prewave is caused by the adsorption on the surface of the elec
trode of some of the electroactive material. If the adsorbed form is 
easier to reduce then it will be reduced at a lower potential than the 
rest of the electroactive form in the solution. The adsorbed form 
will thus form a separate prewave at more positive potentials (for 
a reduction or cathodic process) than the main wave. Since there 
are only a limited number of sites available for adsorption, they 
will become fully occupied above a certain concentration. Thus the 
height of the adsorption prewave will become constant after a cer
tain concentration and any further increase in concentration will 
only increase the height of the main wave. 

The current flowing in the adsorption prewave has in fact been taken 
from the main wave as the adsorption took place. It is the sum 
of the current in both main and prewave which is proportional to 
the concentration of tl:le electroactive species. The sum is diffusion
controlled. 

Adsorption postwaves are similar to the prewaves but are caused by 
adsorption of the electrolysis product, or when the adsorption of the 
original electroactive form makes it more difficult to reduce. Usually 
adsorption of a species releases energy which is then available to the 
electrolysis step, making it easier to reduce the species. 

Diagnostic criteria for adsorption currents are as follows. 

The wave height is independent of concentration, above a certain 
concentration. 

With a freely dropping mercury electrode, the wave height is 
proportional to the height of the mercury column. 

If the current is measured during the drop lifetime it will be seen 
I 

to fall in proportion to r }. 

Adsorption pre- or post-waves are usually independent of 
changes in temperature. Occasionally an increase in tempera
ture can cause a fall in the adsorption current as the species 
desorb. 
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Adsorption pre- and post-waves are usually independent of pH 
within wide ranges. Although crossing a pK value may remove 
the adsorbing species from the solution. 

Addition of a more strongly surface active agent which is itself 
electroinactive (eg Triton X -100) can oust the adsorbed form 
from the solution destroying the pre-or post-wave. The current 
then returns to the main wave. 

Pre- and post-waves of this kind can often be tolerated, provided 
the sum of the currents for the prewave and main wave is taken as 
the analytical signal. They can be avoided at times by choosing a 
different solvent or supporting electrolyte. The use of a surfactant 
to remove prewaves is usually best avoided. 

( b) Polarographic Maxima. 

This phenomenon has been briefly discussed in 1.3.3. Sometimes po
larographic waves have large maxima. There are two kinds. 'Maxima 
of the first kind' are found as continuations of the rising part of the 
wave and are usually sharp (Fig. l.3f). 'Maxima of the second kind' 
are rounded humps found on the upper plateau of the wave. Both 
are adsorption phenomena. Maxima of the first kind are believed 
to be caused by rapid streaming of the solution past the electrode, 
somehow caused by adsorbed forms. Maxima of the second kind 
involves streaming of the mercury within the mercury drop. 

n Why should this streaming increase the current? 

The streaming of solution past the electrode will increase the 
amount of fresh analyte reaching the electrode and so the 
current will increase. In maxima of the first kind this only 
occurs on the rising part of the wave and stops soon after and 
so the current collapses back to the normal limiting value, 
thereby forming the sharp maxima. Exactly why adsorption 
effects should produce this streaming is not clear. 

Maxima can usually be eliminated by adding an electroinactive sur
factant such as Triton X-IOO. 
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(c) Inhibition and related phenomena. 

Adsorbed species can cause energy barriers to the progress of the 
desired electrolysis. This can produce a wide variety of phenom
ena. The shape of the wave may change, frequently becoming less 
steep and often poorly formed. The wave may be moved to higher 
potentials. The wave height can become suppressed, sometimes the 
wave disappears altogether. At other times the wave contains sharp 
discontinuities as the degree of inhibition changes dramatically as 
one adsorbed form rearranges to another or is desorbed with the 
change in potential. 

Fig. 2.2b shows an extreme example of the effects inhibition can 
have. The compound is triphenylarsine oxide, which is reduced in a 
two electron step to the arsine. The many adsorbed species causing 
these inhibition effects are the many adsorbed states of tripheny
larsine oxide itself. A simple wave is formed when these adsorbed 
forms are ousted from the surface of the electrode by adding a very 
small quantity (eg 0.005% v Iv) of the more powerfully adsorbed Tri
ton X-IOO (a polyalcohol). The latter, although powerfully adsorbed, 
has only relatively small inhibition effects on many electrochemical 
processes. 
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Fig. 2.2b. The current Ipotential curve for 0.001 mol dm- 3 triph
enylarsine oxide in 0.1 mol dm- 3 HCl (i) without and (ii) with the 

addition of 0.005% (vi v) TrilOn X-IOO 
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Fortunately the more bizarre effects are only met with in the case 
of the some of the more strongly surface active species. The most 
commonly found effect of surfactants is a shift in potential and a 
suppression of the wave height. The latter would of course alter the 
calibration plot of the method. The analytical chemist should always 
keep his eye open for the possibility of inhibition effects altering the 
precision of his work. 

A change of solvent, for example the addition of an organic solvent 
to an aqueous solution, will frequently alter or remove interfering 
inhibition effects. The use of a more harmless but stronger surfactant 
to oust the interfering adsorbed forms is also possible but must be 
applied with great caution. 

2.2.8. Capacitive Current 

This topic has been dealt with in some detail in 1.3.3 but you are re
minded of some essential points. Capacitive current is not a faradaic 
current, that is, it is not due to an electrochemical reaction. Rather 
it is due to the electrode/solution interface acting as a electrical 
component, to be exact as a capacitor. When a negative voltage is 
applied to the electrode. the surface of the mercury metal will be 
covered by negative charges. These in turn will attract a layer of pos
itive ions from the solution. These two layers (Fig. 2.2c) of charge 
act like the two plates of a capacitor. 

+ 
+ 
+ 
+

Mercury Solution- + 
+ 
+ 
+ 

Fig. 2.k. The Helmholtz double layer at the electrode surface 
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The voltage between the plates, across the electrode/solution inter
face. (that is the potential of the electrode) depends directly on the 
charge density on the mercury surface. To impose a potential on the 
electrode a current must flow in order to create the charges on the 
electrode surface. This is the capacitive current. 

If a constant potential is imposed on a solid electrode of fixed size 
this capacitive current dies off rapidly once all the charges are in 
place. However the dropping mercury electrode is growing in sur
face area all the time, fresh charge is required just to keep the charge 
density constant. Thus a capacitive current continues to flow. 

This capacitive current does not usually form discrete waves of its 
own but is the major c.ause of the residual current. This capacitive 
current increases with increasing potential and so creates the slope 
of the upper and lower plateaux of polarographic waves. It is a back
ground signal, a source of noise, and as such it is a major limiting 
factor on the sensitivity of dc polarography. 

An electrical capacitor contains a dielectric medium between the 
two plates. The higher the dielectric constant, the more charge is 
needed on the plates to maintain the voltage difference. Species 
adsorbed on the mercl;lry electrode can act as a dielectric medium. 
Thus the capacitive current varies somewhat with adsorption on the 
electrode and is not predictable from electrode charactaristics alone. 

The decrease of the capacitive current with time during the drop 
lifetime is proportional to r"31 

(Fig. 1.3d). 

SAQ 2.2e 
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SAQ 2.2e 
(cont.) 

SAQ 2.2f 

A good pr()PQfti()l?aJte;1~tiQfi~liip~as.foutl~t9r 
the .wavebe.•glitwit~~O!1~~~~F.at~fl'·The wllve: 
hei~ht.was found. to i~~reasewith;t~perat~te 
by about 2%K-c\Wb~ebt~peoffiJllltingturrent··· 
wasin.volv~d7 .. . 

A substance;()fiil~eres.tgav~ . .... te;awaye Wnose 

.heigll~ wasinqepe~~e11t()ftb~~ei~Jtt:qfthe mer

cury . CQJul'nu, Tbew~"\,ehej~ht w{ .' rtional 

to the <;()Ucentrati()l'1 and jIl~re3se.. .•......... temper-

3.ture by. abQutl?% .Whic1:ltypeof lbnitin.g 


. .current was inv()lved? . 
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SAQ 2.2f 

SAQ 2.2g ".'jhe~~~lar?~taphi~wa;vel!eight was found to 
········lr~(pI:op~t:tl.9n.alt()theeoncentrationOf the an~ 

atyi~~<Tq~wave~~ig%lt ,was funher found to be 
pr(){l~lii()nal tQth~square root of the height of 
m~f(mry columnwoile tbe current during the 
drQ.flifetim:ew~s found to be proportional to 
ttt2: ;.Wh~ie (i5the time from the birth of the 
d{QP.·The,,·wave. height increased by 12% K- 1 

Witl1rising tem~ratl.lre.Which type of limiting 
.ct!f;re~f was involved? 
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SAQ 2.2h 
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SAQ 2.2i The main polarographic wave of interest was 
pr~~~(j\)",a sm~dlprewave. The height of this 
prewavewasindependent .of the concentration 
of the analyte. The wave height of the prewave 
was found to be proportional to the square root 
of the height of mercury column while the cur
rent during the drop lifetime was found to be 
proportional to 1°,23, where t is the time from 
birth of the drop. The height of the prewave in
Creased only to a small extent with rising temper
ature. Wh;:tt cOll1dbe the origin ofthis prewave? 



130 Analytical Chemistry 

SAQ 2.2j 

. . . 
SAQ 2.2k Why is itbest to avoi~Jller¢~ion4:irounqpKval~ 

ues for Polarographic detetnti.nation of an. ami.' 
lyte? 
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2.3. THE ROLE OF pH 

Hydrogen ions are involved in the reduction of most organic species. 
Since the reduction often involves adding electrons to a neu
tral molecule to form a reduced species, which itself is a neutral 
molecule, then an equal number of hydrogen ions are required to 

ensure neutrality. 

ox + ne + nH + ----t red 

Since the hydrogen ions are involved, the hydrogen ion concentra
tion must be included in the Nernst equation for the reaction. 

CoxenRTE = E-& + ~ In H+
rednF c

(strictly speaking activity terms and not concentrations should be 
used, but in the dilute solution used there is usually little difference). 

It can therefore be seen that the potential is dependent on the hydro
gen ion concentration, that is on the pH ofthe solution. The Nernst 
equation applies only to a thermodynamically reversible system but 
an equivalent expression involving the hydrogen ion concentration 
applies to all reductions or oxidations. 

The half wave potential of the polarographic wave for such a re
action will also be dependent on pH. The reaction above shows 
an equal number of hydrogen ions consumed as electrons. For the 
more general case involving n electrons and p hydrogen ions the 
half wave potential will be: 

RT p
Et == Econst + nF In C'H+ 

or 

E~ == Econst pH
nF 

For a thermodynamicaly irreversible process the equation must be 
modified by the addition of a constant a with a value between 0 and 
1. 
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E! = Econst - pRT pH 
2 	 anF 

Thus it can be seen that the half wave potential for the reduction 
or oxidation of a species in the solution shifts at a constant rate per 
pH unit, dependent on the number of hydrogen ions and electrons 
in the potential determining step. For a reduction the half wave 
potential moves to more negative potentials with increasing pH, ie. 
the reduction process becomes more difficult. For an oxidation the 
half wave potential also moves to more negative potentials, ie. the 
oxidation process becomes easier. 

Many electrochemical reductions or oxidations are several step pro
cedures. Often the first of these is the rate-determining step and 
hence the potential-determining step. Subsequent steps are much 
more rapid and do not effect the potential but merely the height 
of the wave. The shift of the half wave potential with pH is deter
mined by the number of hydrogen ions involved in and before the 
potential-determining step. 

n 	 How could the reversibility of the potential-determining step 
be obtained from a study of the effect of pH on the polaro
graphic behaviour of a compound? 

Away from pKa values the slope of the plot of the half 
wave potential against pH is given by 2.303pRT I nF for re
versible processes and 2.303pRT I anF for irreversible pro
cesses, where p and n are the number of protons and elec
trons involved. If we substitute the universal constant values 
we get O.059p I n V for reversible processes and O.059p / an 
V for irreversible processes. That is simple integer multi
ples of 59 mV for reversible processes and non-integer for 
irreversible. Note that this applies only to the potential
determining step. 

It is most important that the solution be adequately buffered if hy
drogen ions are involved in the electrolysis. For a reduction in an 
unbuffered solution the electrolysis will consume hydrogen ions, 
lowering their concentration and raising the pH at the electrode 
surface. This in turn will shift the potential of the reaction. The 
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result would be a long drawn out and very poorly formed wave. 
However if the solution contains a pH buffer at a high concentra
tion (>0.01 mol dm- 3) the pH can be kept constant effectively down 
to the electrode surface. This will allow a well formed wave to be 
produced. 

The reduction of metal ions does not usually involve hydrogen ions 
and thus we]] formed waves can be obtained in unbuffered solutions. 
However the stability of many complexes formed between the metal 
and ligands in the solution is dependent on pH. Since changes in 
complexation will alter the polarographic behaviour of the metal 
ion, it is best to use a well buffered solution if complexing agents 
are present. 

2.3.1. Changes of Polarographic Behaviour with pH 

The above discussion describes the shift in half wave potential with 
pH for an individual species in the solution. However as the pH 
changes so the nature of the species in the solution will also change 
as acid /base reactions take place and the analyte is found in differ
ent states of protonation. 

The different protonated forms of an individual compound can vary 
considerably in their polarographic behaviour. Often only one pro
tonated form is electroactive. In other cases a second protonated 
form is also electroactive but at a quite different potential. In some 
cases the electroinactive form can be rapidly protonated or depro
tonated to the electroactive form in a fast step before the electrolytic 
step, giving rise to the wave but at a shifted potential. In other cases 
the electroinactive form remains totally inactive and the wave van
ishes when the pH is adjusted to a value where this form is dominant. 
Sometimes the mechanism of the reduction or oxidation can change 
with pH. 

The role of pH in polarography can be very varied. An entire text
book would be needed to cover all the many possibilities. The best 
that we can do in our present study is to look at a few examples to 
illustrate the range of common behaviour. For detailed information 
a textbook such as Zuman (1967) should be consulted. 
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The antihistiminic drug triprolidine consists of a substituted olefin 
and undergoes a two electron reduction of the double bond in a 
single well formed wave. 

Tnprolidine Di hydrotriprol idine 

Triprolidine contains two nitrogen atoms capable of protonation 
and therefore exists in three states of protonation with two pKa 
values. The electroactive form is the doubly protonated dicationic 
form. However the monoprotonated and the unprotonated forms 
are both capable of undergoing very rapid protonation near the elec
trode surface. As a result, the wave occurs throughout the pH region 
and the height is independent of pH. When the monoprotonated or 
unprotonated forms are present the necessary protonation prior to 
the electroreduction simply adds to the number of hydrogen ions 
consumed in the potential-determining step. As a result the shift of 
half wave potential with pH becomes steeper. 

-1.6 

(\J -1.4 
" 

LtJ -1.2 

-1 .0 '-----_oF 

pH 

Fig. 2.3a. The half wave potential of triprolidine as a function 
ofpH 
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A plot (Fig. 2.3a) of the half wave potential against pH consists of 
three intersecting straight lines. whose slopes correspond to 0, 1 and 
2 hydrogen ions respectively involved in the potential-determining 
step. The intersection of the lines occur at the two pKa values. At pH 
values below the pK 1 value the doubly protonated form is present 
in the solution and no hydrogen ions are consumed in the potential
determining step. Above the pK 1 value the monoprotonated form is 
present and 1 hydrogen ion must be added prior to the electrochem
ical step. Above the pK2 two protons are required. Polarographic 
analysis of triprolidine is possible at any pH value but probably is 
best carried out between pH 1.7 and 6.0 for the maximum precision 
to be obtained. 

n 	 How might one determine the best pH for the determination 
of a compound such as triprolidine which is electroactive 
throughout the pH range? 

Simply by experimental trial. Ultimately there is no substi
tute. The complete method would be tried with representa
tive standard samples at a range of pH values. A compomise 
between precision, accuracy and freedom from interferences 
would be chosen. The choice would not be made from theory 
except to eliminate the obvious. 

A complete contrast is given by the phenylarsonic acids and 
diphenylarsinic acids. (The former are used as veterinary antibiotics 
and the latter are found as byproduct impurities in their manufac
ture.) 

O 
/OH ~~pIf '\ As=O 	 As 

- "OH ~ 'OH 

Phenylarsonic acid Diphenylarsinic acid 

The anionic forms of these acids are completely electroinactive and 
do not protonate rapidly enough to form a polarographic wave. Only 
the free acidic form is electroactive. Both the arsonic and arsinic 
acids give rise to a single wave whose height is independent of pH at 
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values wel1 below the pKa value. However as the pKa is approached 
the wave height falls rapidly until the wave disappears completely 
(Fig.2.3b). 

pH 

Fig. 2.3b The dependence of the wave height on pH for 
diphenylarsinic acid 

At higher pH values these compounds are no longer electrbactive. 
As the pKa value for the arsinic acids is about 7 the compound is 
electroactive below this value. The pKa for the arsonic acids is about 
3 to 4 and thus they are electroactive over a narrower range than 
are the arsinic acids. At a pH value of 1.5 the arsonic and arsinic 
acids produce waves of similar half wave potentials and so cannot 
be differentiated. However at pH 5.5 only the arsinic acids are elec
troactive. Thus the control and choice of pH allows the specific 
analysis of both the arsonic acids and the arsinic acid impurities. 

IT 	 Why might the individual pH values 1.5 and 5.5 be chosen 
for the determination of the arsonic and arsinic acids? 

It is best to get as far away from the pKa values as possible to avoid 
interference and kinetic contributions. pH 5.5 is about half way be
tween the pKa values of the arsonic and arsinic acids, at pH 3-4 and 
pH 6-7. Similarly pH 1.5 is well away from the pKa of the arsonic 
acids. However the actual choice should be made by experimental 
trial. 

With the arsonic and arsinic acids the anionic forms are not elec
troactive. When both acidic and conjugate basic forms of a substance 

http:Fig.2.3b
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are electroactive but at different potentials, two separate waves will 
be observed near the pKa value. As the pH is increased the wave 
corresponding to the basic form will increase at the expense of the 
wave due to the acidic form. A single wave would be found away 
from the pKa value. However the height of the two waves does not 
generally reflect the actual concentration of the two forms as the 
waves frequently display kineti~ components. 

Frequently the mechanism of the electrolysis changes with pH. For 
example, secondary nitrosoamines undergo a 4 electron reduction 
in acid solutions to the unsymmetrical dialkylhydrazine. 

but in neutral and alkaline solutions the wave falls to half its height 
as the mechanism changes to a 2 electron reduction to the secondary 
amine and nitrous oxide. 

With many substances the change of mechanism with pH can take 
the form of appearance or disappearance of waves at different pH 
values. Some multistep reductions or oxidations can occur as a single 
wave at one pH value but split into separate waves in other pH 
regIOns. 

2.3.2. pH and Polarographic Analysis of Organic Compounds 

The relationship between pH and the polarographic behaviour of 
organic compounds can be very complicated, and is in many ways 
the concern of the physical organic chemist rather than the analyt
ical chemist. You should not need to remember the details of the 
previous section but merely use it to get a feel for the possibilities 
that might be involved. For the analyst several considerations are 
important and must always be considered. 

Standard and sample solutions must always be buffered at the same 
pH value. 
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For the polarographic analysis of an organic compound a pH should 
be chosen where the wave height is independent of pH and is 
diffusion-controlled. 

SAQ 2.3a 

The regions around pK values should always be avoided if possible. 
The wave height may be pH-dependent near the pK value. Worse 
still, protonation or deprotonation reactions prior to the electrol
ysis often introduce some kinetic character to the wave in the re
gion of the pK value. The kinetic component renders the wave very 
temperature-dependent and leads to a loss in reproducibility. 

The choice of pH can be used to enhance selectivity. A pH region 
may be chosen so that interfering substances are no longer elec
troactive. In the example (2.3.1) phenylarsonic acid would interfere 
in the determination of diphenylarsinic acid at pH 1.5 but by carry
ing out the polarographic analysis at pH 5.5 the phenylarsonic acid 
will cease to be electroactive and will no longer interfere. 
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Two overlapping waves interfering with each other can often be re
solved by adjusting the pH. The two waves may well shift with pH at 
different rates. By adjusting the pH in a suitable direction the waves 
will move apart until they can be resolved satisfactorily. For exam
ple the half wave potential of one wave may be pH-independent 
while that of the other may be pH-dependent. 

A further consideration is the decomposition of the supporting elec
trolyte which limits the useful working potential range. A pH must 
be chosen to move the wave of interest so that it will not be over
lapped or partially obscured by the final decomposition of the sup
porting electrolyte. 

SAQ 2.3b 
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The pH of the solution may also affect the stability of the analyte. 

A good example of these last two considerations is the anodic de
termination of vitamin C (ascorbic acid) in an acetate buffered so
lution. 

CHpH
I 

HOCH 

~o +2,+2H+ 

o 0 

Ascorbic acid Dehydroascorbic acid 

Ascorbic acid is rather unstable with respect to oxidation and the 
solution should be as acidic as possible to promote stability. How
ever if the solution is too acidic the polarographic wave due to the 
ascorbic acid moves into the region of decomposition of the support
ing electrolyte and becomes obscured. A compromise pH should be 
sought. 

2.4. THE ROLE OF SOLVENT 

Water is the most common solvent system used for polarography 
but many other solvents such as dimethylformamide (DMF), ace
tonitrile, dimethyl sulphoxide (DMSO) are also widely used. In gen
eral polar solvents must be used as they must be able to dissolve a 
suitable ionic salt, such as tetraalkylammonium salts. to act as a sup
porting electrolyte. The effect of the solvent is often profound as it 
greatly affects the stability of electrolytic intermediates. The biggest 
contrast is between protic solvents such as water and the alcohols 
which readily supply hydrogen ions and the aprotic solvents which 
do not. 

A good example would be the reduction of diphenylalkenes. In 
aqueous solutions the diphenylalkenes are reduced in a single two 
electron wave to the diphenylalkane. In thoroughly dried acetoni
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trile the diphenylalkenes give rise to two separate well defined one 
electron waves. 

In aqueous solutions the radical produced in the first step is highly 
unstable and reaction proceeds immediately to the final product, 
forming a single two electron wave. In dry acetonitrile the radical 
is sufficiently stable to escape the electrode surface and eventually 
dimerise, thus forming a one electron wave. The second step in dry 
acetonitrile requires a higher potential and so the final product is 
only reached in a second one electron wave. 

The addition of only a very small quantity of water renders the in
termediate radical unstable and the two waves coalesce. Frequently 
polarographic behaviour in a completely dry aprotic solvent is quite 
different to the same solvent slightly 'wet' with traces of water. 

n 	 Would you describe an AnalaR solvent in an unopened bot
tle as dry or slightly 'wet'? 

Very definitely wet in this context. Commercially available 
solvents must always be carefully dried and carefully stored, 
for example over molecular sieves, in order to count as very 
dry solvents. Very dry solvents are very unstable with respect 
to their dryness. 

The maintenance of very dry solvents is rather difficult and does not 
lend itself to analytical appJications where very high reproducibil
ities are required. Thus the use of these solvents is largely in the 
field of physical organic chemistry. In the analytical applications 
of polarography only aqueous solutions or mixed aqueous/organic 
solvents are common. The organic component of a mixed solvent is 
usually added to increase the solubility of the sample or to prevent 
aggregation of analyte molecules. Sometimes addition of the organic 
component improves the shape of the wave. Organic solvents can 
also alter adsorption characteristics of some analytes. 
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SAQ 2.4a 

SAQ 2.4h How might ~n· ofgani~so}ventalte{th~;~ds01P~ 
tjQnQ~llavi(}ur9fananfllyt:e? .. 
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2.5. 	 FUNCTIONAL GROUPS IN ORGANIC 
POLAROGRAPHIC ANALYSIS 

Polarographic determination, by itself, is generally not specific for a 
particular organic compound. Usually the determination is, in prac
tice, of a particular electroactive group and hence of a class of com
pounds. 

For example, the half wave potentials of most benzene diazonium 
salts lie within about 100 mV of each other. Since at least 200 mV 
must separate waves before they can be sufficiently resolved, the dif
ferent substituted benzene diazonium salts cannot be differentiated 
from one another by polarography alone. The other substituents on 
the benzene ring, such as methyl, hydroxyl, methoxyl, produce only 
relatively small shifts in half wave potential, through their electron 
donating or withdrawing properties. This is referred to as a sub
stituent effect. 

Substituents in a class of organic compounds can have two effects 
on the polarographic behaviour. Where the effect of the substituent 
is merely a polar electron-donating or-withdrawing effect, distant 
from the active group, only small shifts in half wave potential are 
likely. Where the substituent changes the degree of conjugation of 
the electroactive group, large changes of half wave potential and of 
the reaction mechanism itself are possible. 

For example aliphatic- and aromatic-nitro compounds will have 
markedly different behaviour. Another example would be olefinic 
double bonds. Simple aliphatic alkenes are not electroactive, but 
increasing the conjugation by introducing two aromatic substituents 
on the alkene group renders it readily reduced at the dropping mer
cury electrode. In practice such changes in conjugation should be 
thought of as creating a new class of electroactive compounds. 
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SAQ 2.5a 

To list all of the electroactive functional groups and classes of com
pound would be impossible, however the following list can act as an 
introductory guide. 

2.5.1. 	 Generally Electroactive Groups or Bonds Susceptible to 
Reduction at the DME 

carbon-carbon double bonds, if highly conjugated, 

carbon-carbon triple bonds, if conjugated to an aromatic ring, 
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some carbon-halogen bonds. 


conjugated carbonyl groups, 


quinones, 


carbon-nitrogen double bonds, 


heterocyclic compound containing two or more heterocyclic nitro

gen atoms, 


nitrogen-nitrogen double bonds, 


nitro compounds, 


nitroso compounds, 


nitrosamines. 


N-oxides, 


S-oxides, 


carbon-sulphur double bonds, 


sulphur-sulphur bonds. 


2.5.2. 	 Groups or Bonds Generally not Electroactive to 
Reduction at the DME 

carbon-carbon single bonds, 


isolated carbon-carbon multiple bonds, 


alkyl groups, 


some aryl groups such as benzene rings, 


some carbon-halogen bonds, 
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most alcoholic groups, 

most carboxylic acid groups, 

most ether linkages, 

amines, 

amides, 

most carbon-nitrogen single bonds. 

Good references sources to the wide range of electroactive com
pounds exist, such as that of Perrin (1965). 

2.6. 	 THE ROLE OF COMPLEXATION II\: THE 
POLAROGRAPHIC ANALYSIS OF METALLIC IONS 

At the dropping mercury electrode, each metallic ion is reduced to 
the metallic state at a particular characteristic potential. However 
this characteristic potential applies only to the uncomplexed metal
lic ion (strictly speaking the aquo-complex). If the metallic ion is 
present as a complex with some ligand, then these ligand groups 
must be removed prior to electrolysis. When the most stable com
plex forms in solution, energy is given out: this energy must be re
supplied to the complex ion to remove the ligands. This extra energy 
requirement is expressed in raising (to more negative voltages) both 
the electrode potential of the reduction and with it the half wave 
potential of the polarographic wave. 

If the complexing agent is in sufficient excess so that the metallic 
ion M n + is effectively totally complexed as MLq , it can be shown 
that the shift in potential is given by: 

!:lEI = -RT In Kq - In CL 
2 nF nF 

In some cases the polarographic wave is due to a change of oxida
tion state of the metallic ion and not a reduction to the elemental 
metallic form, for example reduction of FeH to Fe2+ . Comp]exa
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tion of both oxidation states in the solution must be considered. If 
the oxidised form makes the stronger complex with the ligand in 
question, the half wave potential is generally shifted to more nega
tive potentials. On the other hand if the reduced form produces the 
stronger complex the potential is shifted to more positive voltages. 
If the product of the electrolysis forms the stronger complex this 
makes the electrolysis easier, while if the product forms the weaker 
complex this makes the electrolysis more difficult. 

The above description is highly simplified and assumes a thermo
dynamically reversible reduction or oxidation. However it does il
lustrate the power of complexing agents to shift or alter the polaro
graphic waves of metallic ions. 

The importance of this to the analytical chemist is that the use of 
complexing agents allows adjustment of the half wave potential. If 
two metallic ions have similar half wave potentials each will inter
fere with the determination of the other. By adding a suitable com
plexing agent their half wave potentials can be shifted until they are 
far enough apart to no longer interfere. Almost any combination 
of metallic ions can be selectively determined by polarography by 
finding a suitable complexing medium. 

As many sample solutions, particularly samples from environmental 
analysis. may contain unknown complexing agents it is probably 
a good idea to add a chosen strong complexing agent to ensure a 
known reproducible state of complexation. 

Complexation can change the nature of the electrode reaction. ]n 
one medium a metallic ion might be reduced to the metal in a series 
of steps showing as two or more waves. With another complexing 
agent present, the reduction potential of the original ion and the 
intermediate state might be brought together to yield one single 
wave. Sometimes the product of the reduction in different com
plexing media can be quite different. For example, in a thiocyanate 
solution chromium(IIl) is reduced in a single step or wave to metal 
lie chromium. The wave height is very reproducible and suitable 
for analytical application. In contrast in an ammonia/ammonium 
chloride buffer solution the wave is due to reduction only as far as 
chromium(II) ions. The great instability of the latter ion towards 
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reoxidation in the solution adds an extra catalytic component to the 
wave, resulting in very poor reproducibility. The difference lies in 
complexation of the chromium ions in the two solutions. 

Sometimes the ligand or complexing agent may itself be electroac
tive. In such a case the complexation with a metal ion is likely to 
significantly alter the polarographic behaviour of the ligand itself. 
In some cases the ligand may only become electroactive after it has 
formed a complex with a metal ion. Complexation, in such cases, 
can be used to render an electroinactive analyte electroactive. A 
good example would be certain electroinactive amino-acids which 
become active when complexed to copper(JI) ions. 

Since many of the com plexing agents used are themselves weak acids 
or bases control of pH is most important. The pH of the solution 
will in such cases control the stability of the complex and :in turn 
the half wave potential of the resultant wave. The effectiveness of 
a complexing agent to resolve the waves for two metallic ions will 
often require a particular pH range to be chosen. . 

n 	 How does the pH control the stability of metal complexes 
with ligands such as weak acids? 

Usually only the anionic form of the weak acid can act as 
the ligand (for bases usually the neutral free basic form). 
The pH controls the effective concentration of the individ
ual complexing form. It is this species concentration which 
controls the shift in the half wave potential. 

SAQ 2.63 
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SAQ 2.6c 

SAQ 2.6b 

2.7. 	 THE USE OF ELECTRODES OTHER THAN THE 
DROPPING MERCURY ELECTRODE 

Today the term polarography is exclusively used for vo)tammetry 
at a dropping mercury electrode (or DME). The advantages of this 
unique electrode have already been described (Part 1). The drop
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ping mercury electrode is the simplest and easiest to use and where 
ever possible it should always be chosen. However the dropping 
mercury electrode has two very serious drawbacks. 

The dropping mercury electrode is mechanically very unstable. It 
requires the use of static electrolytes and the drop is very easily 
dislodged. The DME is quite unsuitable for on line or continuous 
monitoring in the presence of any moving electrolyte. Contrast this 
with the use of a very small graphite tube electrode which has even 
allowed the continuous in situ voltammetric monitoring of drugs 
and metabolic products in the blood stream of untethered living 
animals. 

n 	 What in fact holds the dropping mercury electrode on to the 
capillary? 

Surface tension forces around the circumference of the ori
fice. This is obviously very weak compared to the construc
tion of solid electrodes. 

Although excellent for the study or application of electro-reduction 
processes, the dropping mercury electrode allows only a very nar
row voltage range on the anodic or oxidation side. This is due to the 
relative ease of oxidation of mercury itself. For example the com
mon analgesic paracetamol is electroinactive at the dropping mer
cury electrode. At a glassy carbon electrode it undergoes electro
oxidation giving a well formed wave. The use of various solid elec
trodes, with a large available anodic range, opens a very wide range 
of compounds, electroinactive at the DME, to electro-oxidation and 
voltammetric analysis. 

The major disadvantage of solid electrodes is the great difficulty in 
ohtaining reproducible surfaces. During electrolysis the surface is 
not renewed and contamination or fouling of the surface is a major 
prohlem. Problems due to adsorption phenomena are much greater 
at a solid electrodes than at a dropping mercury electrode. Solid 
electrodes should be avoided unless the dropping mercury electrode 
cannot be used. 

The most commonly used solid electrodes in the past were platinum 
and gold, but in recent years various graphite based electrodes have 
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become dominant. Common types of graphite electrodes include, 
graphite paste (very fine graphite powder suspended in a grease 
or wax), glassy or vitreous carbon, and solid graphite impregnated 
with wax. In all cases the graphite must be rendered nonporous. 
Even graphite powder suspended in resins such as Araldite has its 
applications. In all cases the solid electrodes must be finely polished 
before use and receive regular polishing during use. 

n 	 What general chemical characteristic do gold, platinum and 
graphite have in common? 

They are chemically very inert and do not readily react with 
solution components. Mercury is also very inert at cathodic 
(reduction) potentials. It is however much less inert towards 
oxidation and this is why it has such a small working range 
on the anodic Or oxidation side. 

The main advantages of graphite are its wide working potential 
range, the relative ease with which it can be polished etc and its 
chemical inertia. Graphite, platinum and gold all have a similar an
odic potential range typically up to + 1.5 V in aqueous media or up 
to + 2 V in organic solvents. With mercury the anodic limit is usu~ 
ally significantly less than + 0.5 V. The cathodic range for graphite 
up to -1 V compares quite well to mercury but for platinum and 
gold the cathodic limits are about -0.4 V and -0.7 V respectively. 

The major difference between polarography at the dropping mer
cury electrode and voltammetry at solid electrodes is that every 
point in the current potential curve for the DME is measured for 
a fresh electrode in an almost undepleted solution. With the solid 
electrode, as each potential in the voltage scan is reached the effects 
of depletion at previous potentials are still felt. 

SAQ 2.7a What is the major effect of depletion of the an
atyie 0:0 tbe volt~lJnmetric signal? 
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SAQ 2.7a 

If the voltage scan rate is fast then we speak of fast linear sweep 
voltammetry. This technique gives rise to peaks rather than waves. 
As the potential rises at first no current will flow until the minimum 
deposition potential is reached. The current will then rise rapidly 
but the resultant electrolysis causes major depletion of the analyte 
in the electrode vicinity. Thus the current will decrease giving the 
peak shown in Fig. 2.7a. 

I 

E 

Fig. 2.7a. A typical fast linear sweep voltammetric peak 
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Fast linear sweep voltammetry can give a complete current potential 
curve in times of a second or much shorter and is thus suitable 
for following the kinetics of chemical reactions or where ever very 
rapid analysis is necessary. For more conventional polarographic 
methods scan times of 10 to 20 minutes are more typical. However 
the fast scan rates of fast linear sweep voltammetry result in large 
charging or capacitive currents necessary to charge up the electrode 
surface to the potential required. This results in a loss of sensitivity 
etc,in consequence fast linear sweep voltammetry is not a popular 
analytical technique. 

SAQ 2.7b .Wlly should a fast SCan rate produce a large 
·ch~.rging or capapitive Current at a solid elec
trOGeY... .....' 

The chief interest in fast linear sweep voltammetry probably lies 
in the significant build up of electrolysis product on or at the elec
trode. If the potential scan is reversed before the electrolysis product 
has escaped. it is possible to examine its electrochemical behaviour. 
If the original electrochemical reaction is thermodynamically re
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versible the reoxidation (or re-reduction) peak should occur almost 
at the same potential (separated by 59/n mY). For a thermodynam
ically irreversible reaction the reoxidation (or re-reduction) peak of 
the product is either absent or widely separated from the original 
(Fig. 2.7b). 

! 
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E 

Fig.2.7h. Cyclic voltammogram showing peaks for (0 a reversible, 
and (it) an irreversible process 

This fast linear sweep voltammetry with periodic reversal of scan 
direction is better known as Cyclic Vo1tammetry. Cyclic voltamme
try is a vital tool to the' physical electrochemist but has little or no 
direct electroanalytical application, 

SAQ 2.7c 

http:Fig.2.7h
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SAQ 2.7c 

Voltammetric analysis at solid electrodes usually involves slower 
scan rates, typically 5-10 minutes per volt. In addition the solution 
is often stirred. Both of these factors Jessen the depletion effect and 
the peak in the.current potential curve is much less pronounced and 
the signal is more wave like (Fig. 2.7c). The precise shape depends 
on the scan and stirring rates. With a fast enough stirring rate the 
conventional dc polarographic wave is attained. 

I 

E 

Fig. 2.7c. Vollammelric current / potential curves at a solid elec
trode for an analyte llsing (i) a fasler and (ii) a slower stirring rate 

The limiting current is given by: 

/Iim = K'nFADc 

where A is the effective surface area of the electrode, and K' a 
constant, the mass transfer coefficient. 
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Thus the limiting current, as the wave height, is proportional to the 
concentration of the analyte, and can be used for analyical applica
tion. 

The constant K' is a mass transport coefficient, which depends on 
cell geometry, the electrolyte and above all on the rate of stirring. 
The stirring of the solution must be precisely controlled and repro
ducible. Often the stirring is carried out by rotating the electrode. 

The design of solid electrodes varies enormously. Small wires or 
spheres may be employed. A 'solid' mercury electrode could be 
made by picking up a mercury film on such wires or spheres. Rotat
ing disc electrodes are very popular. These consist of a rod of metal 
or graphite in a insulated sleeve. The rod is then cut to expose a 
flat disc which can be easily rotated with the rod as axis. A new 
surface can be easily obtained by grinding followed by polishing or 
by cutting and polishing. . 

SAQ 2.7d 
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More complicated electrodes have been designed to act as con
tinuous flow sensors. A tubular electrode is very suitable for flow 
injection analysis. In this, the sample is injected into a stream of 
buffered electrolyte flowing in a narrow tube system, through the 
tubular working electrode allowing a voltammetric determination. 
Reference and auxiIary electrodes are down stream of the working 
electrode. Such a system requires a very small sample volume, is 
very sensitive and allows a rapid rate of analyses. The so called wall 
jet cel1 (Fig. 2.7d) has a similar use and consists of a thin layer cell 
in which the solution enters through a fine nozzle and impinges on 
the centre of a glassy carbon disc electrode. This offers a very small 
cell volume (0.5-5 ttl dead volume) and a very high mass transport 
of analyte to the electrode surface ensuring a high signal and sen
sitivity. Such refinements would be impossible with the dropping 
mercury electrode. 
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Fig. 2.7d. A wall jet cell. Working electrode (WE) is glassy car
bon; reference electrode (ref) a saturated calomel electrode and the 
auxilary electrode (aux) a platinum wire. The cell body is made of 

plexiglass 

SUMMARY At\D OBJECTIVES 

Summary 

A diffusion-controlled limiting current is usually required to obtain 
a precise determination of the analyte concentration in a solution. 
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The presence of other kinds of limiting current and adsorption ef
fects pose a hazard to precise and accurate polarographic analysis. 

The choice of supporting electrolyte allows conditions to be chosen 
where the wave of analytical interest can be diffusion-controlled 
with a wave height independent of pH etc. Choice of solvent, control 
of pH and state of complexation are often used to separate the waves 
due to interfering species. 

The many advantages of the dropping mercury electrode make it 
the most important and widely used electrode. 

Objectives 

You should now be able to: 

• 	 understand the terms reversible and irreversible and their signif
icance in the context of voltammetric analysis; 

• 	 recognise the importance of a diffusion-controlled limiting cur
rent in obtaining a precise determination of the analyte concen
tration in the solution; 

• 	 recognise other kinds of limiting current on the basis of exper
imental data and know why they are unsuitable for analytical 
applications; 

• 	 identify the presence of adsorption effects and recognise the haz
ard they pose to a precise and accurate polarographic analysis; 

• 	 explain how the supporting electrolyte, for a particular analytical 
purpose, is chosen with respect to solvent, complexing agents and 
pH etc; 

• 	 recognise the importance and advantages of the dropping mer
cury electrode, but also be aware of other electrode types and the 
advantages of the techniques that can be employed with them. 



3. Pulse Polarographic 
Techniques 

Overview 

In this part the factors limiting the sensitivity of classical dc polarog
raphy are discussed. Two more modern techniques, normal and dif
ferential pulse polarography, are introduced, these use a more com
plex applied voltage signal and current sampling technique to mini
mize interfering background signals and to maximize the analytical 
signal, thus giving a greatly increased sensitivity. The principles in
volved are discussed in a non-mathematical manner. 

3.1. INTRODUCTION 

Pulse polarographic techniques were developed primarily in the 
general trend towards greater sensitivity in analytical methods as 
ever lower limits of detection and determination were demanded 
by the user disciplines. For example, dc polarography was quite 
suitable in sensitivity for the analysis of electroactive drugs in phar
maceutical preparations, but far too insensitive to determine the 
same drugs in biological fluids during pharmacological investiga
tions. This was particularly frustrating because polarography showed 
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the ability in many cases to differentiate the drug from its metabo
lites. The pulse polarographic techniques were in fact developed in 
the late 1950's but their widespread application was for a long time 
severely hindered by the cost and difficulties of the instrumentation. 
However, with the revolution in the electronic sciences in the last 
decade, reliable pulse polarographic equipment has become com
mercially available offering a sensitivity at least as good as its main 
rivals (atomic spectroscopy aas and hplc) at a much lower cost. To
day, pulse techniques are the most widely used methods in analytical 
polarography. However they do not just offer increased sensitivity 
but have other advantages to offer as will become apparent. 

3.2. THE LIMITATIONS OF DC POLAROGRAPHY 

The sensitivity of most instrumental techniques is limited. by the 
signal to noise ratio. (See also 1.5.2). 

n 	 In general in analytical instrumentation (i) what is meant by 
noise and (ii) what is the usually accepted minimum signal 
to noise ratio? 

(i) 	 Unwanted instrumental signal unrelated to the analyte 
or its concentration, often random or uncertain. 

(it) 	A minimum signal to noise ratio of 3: 1 is generally con
sidered necessary to differentiate signal from noise with 
certainty. 

n 	 What is meant by Faradaic current? 

The electrolysis cell acts like a electronic component in the 
circuit with its own electrical resistance, capacitance etc. 
When a voltage is applied a certain current will flow. This 
current, and the conductivity it represents, is made up of sev
eral components. The most useful is that caused by simulta
neous electron exchange (oxidation and reduction) involved 
in the electrochemical reaction at the two electrodes. Since 
this latter current obeys Faraday's Law of Electrolysis it is 
often refered to as the Faradaic current. 
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With classical dc polarography the signal is the mean Faradaic cur
rent and the principal source of noise is the capacitive current for 
the growing mercury drop. 

For diffusion-controlled processes the faradaic or electrolysis cur

rent grows during the drop lifetime I = kf6 
l 

(Fig. 1.Sd). This growth 
is the resultant of two opposing processes. The first is the increase in 
the size of the growing mercury drop causing an increase in the cur
rent. The second is the depletion of the electroactive species from 
the solution and growth of a depletion zone around the electrode, 
due to electrolysis. The latter produces a decrease in the current; 
Fig. 3.2a shows this decrease in current for an electrode of fixed 
size. 

J 

Time 

Fig. 3.2a. The decrease of diffusion current due to depletion at a 
stationary electrode 

n 	 What is the relationship between electrical charge and po
tential? 

The electrode/solution interface acts like a capacitor. The 
higher the charge density on the surface, the higher the po
tential. If the surface area increases more charge is required 
to maintain the density. That extra charge flowing represents 
a current. 

The capacitive current (Fig. 3.2b) falls during the lifetime of a drop. 
The capacitive current required to charge a solid electrode to the 
desired potential would decay much more rapidly than is the case 
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for the growing DME. However the mercury drop electrode is in
creasing in surface area as it grows and so an extra charging current 
is required just to maintain the potential. This current decreases 
with time since the rate of the growth of the mercury drop falls 
rapidly, almost ceasing before the drop falls off. 

I 

Time 

Fig. 3.2h. Comparison of the capacitive current on (i) the DME, 
and (ii) a stationary electrode 

The signal to noise ratio, that is the ratio of the Faradaic current 
(proportional to concentration) to the capacitive current is greatest 
at the end of the drop lifetime. Classical dc polarography records the 
mean current during the drop lifetime and thus does not record the 
maximum Faradaic current. Worse still, it includes an appreciable 
contribution from the capacitive current. This effecthcely limits the 
sensitivity of the classical dc technique to a limit of detection of 
about 5 x 10-5 mol dm-3. 

A somewhat better sensitivity could be obtained if the current were 
recorded at the end of the drop lifetime, thus maximising the signal 
to noise ratio. This is the basis of sampled dc polarography in which 
the current is measured during the last 15% of the drop lifetime. 
The recorder is kept stationary during the first 85% of the drop 
lifetime. known as the blanking time. However this modification 
represents only a relatively small increase in sensitivity (typically 
about 1 x 10-5 mol dm- 3) over the classical method. The chief loss 
in sensitivity remains in the depletion of the electro active species in 
the vicinity ofthe electrode (in a developing depletion zone) during 
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the first 85% of the drop lifetime. The concentration of the analyte 
in this zone may typically be reduced by an order of magnitude 
before the current is measured (Fig. 3.2a). 

SAQ 3.2a 

3.3. NORMAL PULSE POLAROGRAPHY (NPP) 

A great improvement in sensitivity would be possible if electrolysis 
could be prevented during most of the drop lifetime, that is the po
tential kept at a lower voltage until the moment of measurement. 
This is the basis of normal pulse polarography. The potential is kept 
at a suitable constant base potential throughout the drop lifetime. 
The chosen potential signal is imposed as a very short pulse (about 
60 ms) near the end of the drop lifetime (Fig. 3.3a). Thus very lit
tle electrolysis and depletion occurs. Typically the Faradaic current 
from normal pulse polarography is about ten times that from clas
sical dc polarography. 
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The problem still remains of the capacitive current. When the volt
age pulse is imposed a significant capacitive current will be required 
to produce this potential. However near the end of the drop lifetime 
the growth of the surface area of the drop has almost ceased, par
ticularly relative to the short length of the pulse, and the electrode 
is almost stationary. As a glance at Fig. 3.2b will show, this results 
in the capacitive current decaying rapidly, much more rapidly than 
with the classical technique. The current measurement is therefore 
taken in an even shorter pulse (about 15 ms) near the end of the 
potential pulse once the capacitive current has decayed to a low 
steady value (Fig. 3.3a). 

15rns 

1~ -I Time
Drop lifetime 

1-55 

--15rns current 
measurement 

--60rns potential 
pulse 

-Bose otential 

Fig. 3.3a. The profile of the potential pulse and current 
measurement in normal pulse polarography 

The overall form of the applied voltage signal is of a series of po
tential pulses. one to each drop, rising in a linear ramp with a base 
potential maintained between the pulses. The current recorded at 
the end of each pulse is recorded and plotted against the potential 
of the pulse. 

The resultant current/potential curve is similar in form to the clas
sical de polarographic curve with equivalent half wave potential and 
limiting current (Fig. 3.3b). In practice the curve is made up of very 
short flat segments and is of a clearer, 'cleaner', less noisy form. 
The height of the pulse polarographic wave, the analytical signal, is 
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about ten times greater than that of the classical wave height, sug
gesting only a similar increase in sensitivity. However, the noise, ie 
the capacitive current, has also been drastically reduced. Thus the 
sensitivity of the technique has been improved by about two orders 
of magnitude with a limit of detection of about 10-7 mol dm- 3. 

---til 

f 

E 

Fig. 3.3b. Comparison of (i) the normal pulse and (ii) classical 
dc polarograms from the same solution at the same recorder and 

sensitivity 

Thus by using more sophisticated electronics and the imposition of a 
more complicated potential signal a much simpler current/potential 
curve can be obtained with the interferences of depletion and the 
capacitive current effectively minimised. 

n 	 In normal pulse polarography has the capacitive current 
been eliminated from the final signal? 

It is not eliminated, just greatly reduced. The drop contin
ues to grow very slowly and even with a stationary electrode 
capacitive current never totally reaches zero. 
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SAQ 3.3c <Irtnep9tentfalp\llseisto occur at the exact same 
··l??int lnthe drop lifetime, how might the pulse 
·.·.~·syrx~hroItiseq·tothe dropping of the.mercury 
~lect.rQde1· 

3.4. DIFFERENTIAL PULSE POLAROGRAPHY (DPP) 

This is the most widely used polarographic technique today. It dif
fers from normal pulse polarography in that after the potential pulse 
the potential does not return to a constant base value. Instead the 
potential pulse itself is of a small constant amplitude (10-100 mY) 
and is superimposed on a conventional rising linear dc voltage ramp. 
Once again the pulse is imposed for about 60 ms near the end of the 
drop lifetime when the growth of the drop has almost ceased (Fig. 
3.4a). 
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The current is measured in two intervals of about 15 ms, the first 
immediately prior to the potential pulse and the second during but 
towards the end of the potential pulse. The final current signal dis
played is in fact the difference of these two current values. 

;t' 
~ 15 ms current measurement 

.2 ;V ~-c: 
<I> 10-l00mV& potential 

pulseJVA1to5s) :0( 

Drop life time 
0( 	 ) 

/ 

-15ms current measurement 

Time 

Fig. 3.4a. The profile of the potential pulse and current 
measurement in differential pulse polarography 

The two current values represent the current at two potential val
ues separated by about 10-100 mV (the pulse amplitude). This dif
ference in current will be greatest on the steep rising part of the 
polarographic wave around the half wave potential, where a small 
change in potential produces a large change in current. Thus this 
technique in fact produces not a wave but a peak with the highest 
current signal at roughly the half wave potential of the classical dc 
and normal pulse polarography (Fig. 3.4b). Since the output signal 
increases with the steepness or slope of the conventional current 
potential curve, this final curve approximates to a derivative or dif
ferential of the classical polarographic current potential curve. 

n 	 Why has the expression 'approximates to a derivative' been 
used in the above paragraph? 

Some de polarographs have a so called derivative circuit. 
This, in fact, attempts to give, purely by electronic means, 
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a true mathematical derivative of the classical dc polaro
graphic curve produced by the electrolysis cell. Differential 
pulse polarography does not give this because electrolysis 
conditions have been altered in the cell itself. For exam
ple major depletion, throughout the drop lifetime, has been 
occurring for the potential before the pulse but the extra 
current during the pulse has had no time to produce serious 
depletion. Thus differential pulse polarography does not give 
a true derivative of the classical wave form. The dc derivative 
circuit offers little advantage since it is limited to the original 
classical dc polarographic data from the cell, and thus is of 
poor sensitivity. It merely juggles mathematically with the dc 
data. Differential pulse polarography brings improved data 
from the cell itself. 

The potential of the peak Ep is indicative of which species is 
involved. If the reduction (or oxidation) mechanism is diffusion
controlled the concentration of the species controls the Faradaic 
current. Since differential pulse polarography effectively displays 
the derivative of this current, theoretically it is the area under the 
peak which is proportional to the concentration. However, provided 
the shape of the peak does not change. the height of the peak is also 
proportional to concentration. The choice between the two modes 
of measurement will be discussed later. 

~....~.-... (ii) 

E e 


Fig. 3.4b. Comparison of (i) the differential pulse. and (ii) clas
sical de polarograms from the same solution at the same recorder 

sensitivity 
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Note that the rising linear voltage ramp in differential pulse polarog
raphy is exactly similar in form to that of classical de polarography, 
except for the superimposed pulses. This means that electrolysis and 
hence depletion occurs throughout the drop lifetime. Thus in dif
ferential pulse polarography the current signal is greatly reduced 
compared to that in normal pulse polarography and is more simi
lar to that in classical dc polarography. At first glance this would, 
wrongly, suggest that the differential pulse technique should be in
herently less sensitive than normal pulse polarography. In fact dif
ferential pulse polarography is typically an order of magnitude more 
sensitive than the normal pulse mode. Typical limits of detection 
are 10-7_10-8 mol dm-3 for the differential pulse technique and 
10-6_10-7 mol dm-3 for the normal pulse technique while for the 
classical dc polarography it would be only about 0.5 x 10-4 mol 

m-3d . 

How can there be an increases in sensitivity if the signal has been 
reduced by depletion? Clearly differential pulse polarography must 
reduce the noise, in the signal to noise ratio. It must show better res
olution. At low concentration levels the favourable signal to noise 
ratio of differential pulse polarography gives well defined peaks 
where no dc response can be obtained. 

Although depletion occurs throughout the drop lifetime, the cur
rent measurement is only taken in very brief pulses at the end of 
the drop lifetime. At the end of the drop lifetime the drop has al
most stopped growing and the capacitive current will be reduced to 
its almost constant and lowest level. The jump of 10-100 mV oc
curing between the two current measurement pulses will have very 
little effect on the capacitive current and other non-faradaic sources 
of noise. On the other hand, the small potential jump will produce a 
large change in the Faradaic current particularly at the peak poten
tial. It is the change in current, on either side of the potential pulse, 
which differential pulse polarography records. Thus the differential 
pulse mode allows the maximum differentiation of the Faradaic or 
analytical signal from the background signal. 

Resolution is in fact a keyword for differential pulse polarography. 
In classical dc polarography at least 200 m V or more are required 
between half wave potentials before interfering or overlapping waves 
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can be resolved. With differential pulse polarography overlapping 
peaks can be usefully resolved for analysis if separated by as little as 
50-100 mY. These values are only relative and are larger for broader 
and less well formed peaks or waves. 

SAQ 3.4a SUlrnnati8~fin one sentence each, for both meth
o~s,. thepotentialsign~l imposed and the cur
r~ntsignalm~$:ured for normal and differential 
pnlse,polarogtaplty. 
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3.5. 	 CHOICE OF OPERATING PARAMETERS IN PULSE 
POLAROGRAPHY 

With the imposition of a more complicated voltage signal in the 
pulse techniques, some new operating parameters must be set on 
the instrument in addition to those of classical de polarography. 
These are the base potential in normal pulse polarography and the 
pulse amplitude in differential pulse polarography. 

3.5.1. 	 Choice of the Base Potential in Normal Pulse 
Polarography 

Normal pulse polarography is somewhat unwisely neglected today 
and there is a general tendency to go from classical dc polarography 
straight to differential pulse polarography. The latter is a little more 
sensitive than the normal pulse technique (by about one order of 
magnitude). However the normal pulse mode has some very distinct 
advantages, and these lie in the choice of the base potential to which 
the electrode returns between pulses. 

Probably the biggest problem in analytical polarography is adsorp
tion of species on to the surface of the electrode. This can be ad
sorption of the analyte, its electrolysis product, or any other species 
from the solution. The effects of adsorbed species can be very varied 
indeed. They can produce the splitting of polarographic waves, the 
distortion of their shapes, shifting of the half wave potentials, de
pression or even elimination of the wave heights, etc. The adsorbed 
forms may produce small waves of their own, known as pre-waves 
or post-waves, separate from the main diffusion controlled wave. 
On the other hand some adsorbed species have little or no effect. 

If adsorption of the electrode product is likely to cause interference 
then this can be minimised in normal pulse polarography by setting 
the base potential to a low value at which no product is formed. A 
very small amount of electrode product will be formed only during 
the short duration pulse. This will cause a much smaller interference 
than would occur in classical dc polarography or in differential pulse 
polarography, since with the latter two techniques electrode product 
is formed throughout the drop lifetime. 
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As the potential of the electrode changes so the stability of adsorbed 
forms varies. An individual species can have several adsorbed states 
each of which occurs only over a particular electrode potential 
range. As the potential moves out of this range, the species is ei
ther desorbed completely from the surface, or reorientates into a 
new adsorbed state. 

n 	 How can one chemical species have several adsorbed states? 

Larger more complicated molecules can bind to the surface 
of the electrode at different angles and different orientations 
with different active groups involved in the adsorption pro
cess. Each represents a different adsorbed state. Each is usu
ally stable at a different range of electrode voltages since 
each is of different energy. 

In normal pulse polarography the base potential can be set to a 
value at which the interfering species is either desorbed (ejected) 
from the electrode surface for the bulk of the drop lifetime, or is in 
the least interfering adsorbed state. This option is not open to the 
other common polarographic modes. 

n 	 What might be done to minimise interference from adsorp
tion effects in these other polarographic modes? 

The adsorption properties of a given species can change 
greatly from one solvent or electrolyte to another. Changes 
in the protonation of the species can also aher the proper
ties. The supporting electrolyte might be changed until one 
is found in which the sample shows the least adsorption in
terferences. Some surface active agents have the property of 
offering little interference themselves with the wave or peak 
but are able to oust other interfering adsorbed material from 
the surface. Triton X-lOO, a polyalcohol, is often added in 
very small quantities (0.001 %) to this end. 

In some normal pulse polarographic equipment the base potential to 
which the voltage returns between the pulses is simply equal to the 
initial potential of the potential scan. The initial potential of the scan 
is the potential imposed during the first pulse. The potential durin~ 
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subsequent pulses increases at a regular interval from this initial 
pulse to form the linear potential scan. In some instruments the 
initial and base potentials can be set separately. Note it is possible 
to scan towards the normal pulse polarographic wave from a base 
or initial potential either above or below the wave. 

Thus it can be seen that normal pulse polarography is potentially the 
least sensitive to interference from adsorption effects of the common 
modes of polarography. 

3.5.2. Choice of Parameters in Differential Pulse Polarography 

Before analysis a choice has to be made of the potential pulse am
plitude imposed. With some differential pulse instruments a fixed 
pulse amplitude of, usually 50 mY, is the only possibility. Others 
allow a continuous choice 10 mY to 100 mY. 

The peak current I p for a totally thermodynamically reversible elec
trode process controlled by diffusion has been derived by Parry and 
Osteryoung. 

where 6.£ is the amplitude of the potential pulse. 

SAQ 3.5a 
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SAQ 3.53 


SAQ 3.5b;w~~~t,tS\.ni~ilP;l~Ytb~flllOdynamiCallY reversible 
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The Parry-Osteryoung equation shows immediately that the height 
of the peak is proportional to the concentration as is necessary for 
analytical use. It also shows that the peak height is proportional to 
the potential pulse amplitude. That is the higher the amplitude the 
greater the sensitivity_ However increases in pulse amplitude result 
in broadening of the peaks and subsequent loss of resolution. Two 
close lying peaks will not be resolved unless the pulse amplitude is 
significantly smaller than the separation in the two peak potentials. 



176 Analytical Chemistry 

Thus the choice of potential pulse amplitude must be a compromise 
between a higher value for increased sensitivity and a lower ampli
tude for increased resolution. This is particularly true for thermody
namically irreversible processes which produce broader, lower and 
less well formed peaks than do reversible processes. 

The scan rate (mV S-1) must be chosen carefully. The differential 
pulse peak consists of a series of straight line steps as the pen is 
held stationary (in the current direction) between the pulses. If the 
scan rate is too high the steps will be too coarse for adequate reso
lution. The slowest scan rate gives the best results but a reasonable 
compromise with analysis time may be necessary. 

A choice has to be made for calibration and measurement between 
use of peak height or of the area under the peak. Since differential 
pulse polarography is a differential or derivative technique it is the 
area under the peak which is proportional to the current of electrol
ysis and hence to concentration. The measurement of a peak height 
is much more convenient. However the relationship between peak 
height and area is only constant as long as the shape of the peak 
does not alter. This is probably the case in most analytical problems 
but it is not always so. Since irreversible processes produce lower 
broader peaks than reversible processes, any change in thermody
namic reversibility will alter the relative peak height. The greatest 
problem is adsorption onto the electrode surface. 

Differential pulse polarography is particulary susceptible to surface 
active phenomena. Adsorbed forms of the analyte and its electrode 
products can give rise to separate peaks. But even the adsorption 
of otherwise inactive third species can alter the reversibility and 
electrode kinetics of the process producing sometimes huge changes 
in the shape of peak. The area under the peak will, however, remain 
constant in most cases. But the height of the peak is of no use. If 
surfactants are likely to be present it is best to calibrate and measure 
the area under the peak. 

On the other hand when two peaks partially overlap (Fig. 3.5a) it 
is very difficult to separate the area under one from that under the 
other. The two peak heights may be well defined, and provided the 
tail of the other peak would effectively be zero at this potential, then 



177 Open Learning 

the peak heights can be used with much greater precision than the 
areas under the peaks. 

Fig. 3.5a. The problem of differentiating the area under two 
overlapping peaks in differential pulse polarography 

The area under the peak should be used to minimise effects such 
as adsorption on the peak shape, while the peak height should be 
used to minimise interference from other overlapping peaks. There 
is no correct method. Both types of calibration should be tried with 
known typical samples and the more reliable chosen. 

SAQ 3.5e What methods could be used to actually measure 
the area under the differential pulse peak on the 
cbart recorder output? 
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SUMMARY AND OBJECTIVES 

Summary 

The chief factors limiting the sensitivity of dc polarography are noise 
due to the capacitive current (charging the mercury drop) and re
duction of the analytical signal through depletion of analyte in the 
vicinity of the electrode by electrolysis throughout the drop life
time. Normal pulse polarography achieves an increased sensitivity 
by confining the electrolysis to a short pulse at the end of the drop 
lifetime and by minimizing the capacitive current by sampling the 
current signal in an even shorter pulse once the capacitive current 
has decayed to a minimum. 

Differential pulse polarography gains greater sensitivity by _taking 
advantage of the fact that a small jump in potential has a much 
greater effect on the analytical signal than on sources of noise such 
as capacitive current. A differential technique based on a small po
tential pulse thus maximizes the signal/noise ratio leading to greater 
sensitivity. 

Objectives 

You should now be able to: 

• 	 understand the factors limiting the sensitivity of dc polarography; 

• 	 understand how normal pulse polarography can achieve a so 
greatly increased sensitivity; 

• 	 explain the even greater sensitivity of differential pulse polarog
raphy; 

• 	 explain -how the operating parameters are chosen for pulse po
larographic measurements. (That is you should understand in 
general terms what each knob on a typical pulse polarograph is 
for.) 



4. Stripping V oltammetry 


Overview 

The sensitivity of any analytical technique can be greatly increased 
by introducing a preliminary pre-concentration step, eg solvent ex
traction. In stripping voltammetry an electrochemical preconcentra
tion technique is used. The analyte is concentrated, from very dilute 
solutions, by electrolysis to an insoluble product which collects at 
the electrode and can be subsequently determined with a very high 
sensitivity. The method is applicable only to a limited number of 
important analytes. Stripping voltammetry requires the use of solid 
or stationary electrodes, (2.7). 

4.1. INTRODUCTION 

Although differential pulse polarography is the most sensitive di
rect polarographic technique, an even greater sensitivity can be ob
tained by employing stripping voltammetry. This latter technique 
involves a preconcentration step before the final voltammetric de
termination. It is the preconcentration step which allows the great 
sensitivity of stripping voltammetry. 

The preconcentration or deposition step consists of the controlled 
electrodeposition, at a fixed potential, of the species of interest 
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onto a stationary electrode. This is followed by the determination 
step which consists of electrolytically stripping the deposited species 
back into the solution. 

A typical example would be in the determination of copper ions. 
The potential of the electrode is set sufficiently negative to reduce 
the copper ions to metallic copper which is deposited onto the elec
trode. The electrolysis is allowed to continue for an appreciable 
time collecting and concentrating copper from a relatively large vol
ume onto the small electrode. Then, in the next stage, the potential 
is moved towards more positive (anodic) values and the copper is 
stripped off the electrode and reoxidised to copper ions giving the 
analytical signal. The long preliminary deposition of copper on the 
electrode makes a much higher quantity of copper available, to the 
determination step, than would be available from the low quantities 
of copper ion in the original solution, in the vicinity of the electrode. 

As the potential is taken to more positive potentials, in the stripping 
step, initially no current will flow since the potentia] is still too neg
ative to allow dissolution of the copper metal. When the dissolution 
potential is reached the copper metal will begin to dissolve and the 
current will rise exponentially. However there is only a finite lim
ited quantity of copper metal available and as it is used up so the 
current must fall back to zero or in practice the base line. Thus the 
stripping signal takes the form of a peak as shown in Fig. 4.1a. 

I 

E 8 

Fig 4.1a. A typical linear sweep stripping voltammetry peak 
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n 	 What could cause the rising slope of the baseline? 

This is a residual current largely due to capacitive current. 

The key to the sensitivity lies in concentration, at the electrode, 
of the product of the deposition step. Clearly this product must be 
insoluble in the solution otherwise it would simply diffuse away back 
into the bulk of the solution and would not concentrate or build up 
at the electrode surface. The product may collect as a deposit or 
adsorb at the electrode surface or if a mercury drop electrode is 
used the product may dissolve in the drop as an amalgam. 

n 	 Which type of electrode product will dissolve to form an 
amalgam? 

Only metals will do this. 

Obviously a dropping mercury electrode (DME) cannot be used 
for stripping voltammetry or the falling drop would carry away the 
product. Generally a stationary mercury drop or a solid electrode 
is used. 

Since the procedure involves both a reduction and an oxidation step 
the electrode reactions must be capable of being reversed, although 
they need not be strictly thermodynamically reversible. 

The above gives a basic description of the technique but there are 
many variations possible on both the deposition step and the deter
mination or stripping step. 

4.2. THE DEPOSITION STEP 

4.2.1. 	 The Choice of Electrode 

The variations possible are concerned with the nature of the elec
trode and the stripping of the solution. The most common technique 
is to use a stationary electrode in a stirred solution. 
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The most popular electrodes are the hanging mercury drop elec
trode (HMDE), the mercury film electrode (MFE) supported on 
gold or platinum, and graphite electrodes including graphite paste 
or glassy carbon. The mercury electrodes offer the advantage, in 
metal ion analysis, that the deposition product, the metal, dissolves 
in the mercury to form a liquid amalgam. This offers better repro
ducibility than a solid metal deposit on a solid electrode. In gen
eral terms the mercury film electrode is capable of more sensitive 
measurements than the hanging mercury drop electrode, but is less 
suited to relatively higher trace amounts, since the solubility capac
ity of a film is less. A general guide would be to use the hanging 
mercury drop for metal ion levels above 1 ppb and the mercury 
film below this. 

[J How might a mercury film electrode be prepared? 

There are two ways. A very well degreased and platinum or 
gold electrode will pick up a mercury film on its surface. It is 
also possible to electrodeposit a mercury film on these plat
inum, gold or graphite electrodes from a solution of mercury 
ions. 

[J Can you think of an advantage of using a graphite electrode? 

Graphite electrodes are mechanically more stable than the 
HMDE. A mercury electrode could not be used for the 
stripping voltammetric determination of mercury ions, while 
graphite could be used. Graphite has a wider cathodic (re
duction) working range than gold or platinum and a much 
wider anodic (oxidation) working range than mercury (see 
2.7). Graphite is an excellent substrate to hold a mercury 
film for MFE. Many types of high quality graphite are now 
available. 

4.2.2. To Stir or Not to Stir 

Stirring the solution during the deposition step increases the rate 
at which the analyte reaches the electrode to be deposited. Control 
of the stirring is vital. The stirring must be uniform and at a rigidly 
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controlled rate. The position of the electrode within the cell and 
hence in the solution flow pattern must be absolutely reproducible. 
The stirring must be gentle otherwise unpredictable eddy effects will 
occur. 

Deposition in a still, unstirred solution might appear to offer a much 
higher reproducibility of conditions but at a cost of a much reduced 
sensitivity or very much longer deposition times. Unstirred solu
tions are rarely used except in combination with a differential pulse 
stripping technique whose greater sensitivity to some extent offsets 
this reduced sensitivity. 

Il 	 In an unstirred solution how would the analyte reach the 
electrode for deposition? 

By diffusion. T:his is much slower than transport in a stirred 
solution but is also very reproducible. 

An alternative to stirring the solution is to rotate the electrode. For 
this the electrode usually consists of a rod cut to expose a flat disc. 
The rod is then rotated about its axis. Such an electrode is usu
ally made of glassy graphite, platinum or gold. sometimes a film of 
mercury is deposited on the electrode by electrodeposition from a 
separate solution of mercury(lI) ions. 

More unusual ideas involve the flow of solution through tubular 
electrodes or the use of so called 'wall jet' electrodes in which a 
rapid jet of solution is impinged directly onto a small electrode. 
Since these methods involve flow of solution through tubing rather 
than an open cell, they introduce the possibility of automated anal
ysis. The samples could be automatically injected into a continuous 
flow of fresh supporting electrolyte - flow injection analysis. Con
ventional polarography does not lend itself as easily to automation 
as does this version of stripping voltammetry. 

,WIl;wouldtll~,HMDEandthe DME be unsuit
aJ:>le fOI:Ui~in~uen;flow !;),stems? 

SAQ 4.2a 
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SAQ 4.2a 

4.2.3. The Choice of Deposition Time 

A further decision is how long to continue the deposition step. The 
greatest sensitivity would clearly be obtained by carrying on the 
deposition process until all of the analyte would be deposited on 
the electrode. Indeed this is sometimes done using a small volume 
of sample solution. However it is more usual to use a large volume 
of solution and only deposit a small fraction of the analyte. 

It is best to avoid long deposition times. This often leads to various 
complications resulting in a loss of proportionality between final 
signal and the concentration of the analyte. One problem can be 
reactions of the deposit or changes in its nature over a relatively 
prolonged time. Too much deposit on the electrode can also cause 
problems. 

In general a good guide is too choose a deposition time so that only 
about 2% of the total analyte is depleted from the solution. This 
allows the nature of the solution to remain essentially unaltered. 
This avoids changes in the deposition process that occasionally oc
cur when depletion approaches completion. 
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SAQ 4.2b .t\ +Q.O C~3. sampl~ of effiuent contains approx
ill1a~~lY19,-gpwL dm -3 of copper ions. At the 
tll($enel~ctrO:de,thisgenerates about 1 nA of 
eurre.ntduring the deposition step. What length 
·of depOsiti~ntime wguld be required to deposit 
about 2~o:f the. copper? 

" " ,'" ,; <, 

4.2.4. 	 The Choice of Deposition Potential 

The final decision is the choice of the constant potential used in 
the pre-electrolysis or deposition step. Usually a potential is chosen 
a few hundred millivolts larger than the polarographic half wave 
potential of the analyte. 

f1 	 Why would a potential equal to the polarographic half wave 
potential not be used for the deposition step? 
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At the half wave potential only half of the limiting current is 
flowing. The maximum limiting current, on the upper plateau 
of the wave, is about 50-100 m V higher. It is safer to go about 
200 mV or more about the half wave potential. 

The potential chosen allows a degree of selectivity. In the analysis 
of a solution containing a number of metal ions, each metal ion will 
have its own individual deposition potential. Thus only one metal or 
a group of metals can be deposited, avoiding the deposition of other 
metals which might interfere with the stripping step. The higher the 
potential, the more types of metal etc will be deposited and the more 
interferences likely. 

Occasionally it might be possible to differentiate different oxidation 
states by choosing a potential at which only one form deposits to 
the metal. This will only be possible if the higher oxidation: state is 
reduced at a more negative potential than the lower. An example 
would be arsenic species; arsenic(III) is reduced to elemental arsenic 
at much lower potentials than is arsenic(V). Dependent on sub
stituents arsenic(V) is either electroinactive or is reduced at much 
more negative potentials. However with most metals it is the most 
negative wave which has the metal as its final product and strippin¥ 
voltammetry will not differentiate the higher and lower oxidation 
states. 

4.3. THE STRIPPING STEP 

A number of different stripping procedures have been divised but 
only two are of great significance - dc or linear sweep stripping 
voltammetry, and differential pulse stripping voltammetry. These 
require exactly the same instrumentation as dc polarography and 
differential pulse polarography. 

4.3.1. Dc or Linear Sweep Stripping Voltammetry 

Dc or linear sweep stripping voltammetry is the simplest form of 
stripping voltammetry. This involves the imposition of a simple lin
ear voltage scan on the electrode. 
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I1 What is meant by a linear voltage scan? 

The 	voltage increase (or decreases) at a constant unvarying 
rate with respect to time. A plot of potential (volts) against 
time would be a straight line. 

SAQ 4.3a What i~ us,uaUy meant by the terms anodic and 
(:~()(ljc and. when. is an electrode an anode or 
acadiode? 

.. 

(a) 	de anodic stripping voltammetry. For metal ions a cathodic de
position potential (negative) is set for the deposition time re
ducing the ions to metal. Then the linear voltage scan is started 
with the potential moving towards anodic potentials (positive) 
for the reoxidation of the metal. A typical scan rate would be 
50-200 mV S-I. Since the stripping step is an oxidation or an
odic step this is known as dc anodic stripping voltammetry. 

How does the above scan rate compare to that used in dc 
polarography? 

It is very much faster. In de polarography a scan rate of 2 
m V s -lor 100 m V min I would be typical. 

II 
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(b) 	dc cathodic stripping voltammetry. For anionic species such as 
sulphide the preeleetrolysis step (oxidation) is anodic and the 
stripping step is a voltage scan to cathodic potentials (negative). 
Hence this is de cathodic stripping voltammetry. 

As the potential scan begins no current initially flows. When the 
re-oxidation potential (or re-reduction potential respectively) is 
reached the current rapidly rises. However there was only a fixed 
amount of material deposited in the deposition step. The current 
must therefore fall back towards the base line as the last of the de
posited material is reoxidised (or reduced). The dc stripping signal 
thus consists of a peak. Fig. 4.3a shows both the imposed voltage 
form and the current signal measured. 

The height of the peak is used to determine the concentration in the 
original solution. However the peak height is dependent on both the 
concentration and on the voltage scan rate. It is the area under the 
peak (in coulombs), which is proportional to the amount deposited 
in the deposition step. As the scan rate increases the peak becomes 
narrower and so the peak height will increase. However if the same 
deposition conditions are used and a fixed scan rate chosen the peak 
height should be proportional to the concentration of the analyte in 
the original solution. 

Linear sweep stripping voltammetry is almost always carried out 
with a deposition step in a stirred solution. 

I 

Deposition time 


Time 


Fig. 4.3a. The potential signal imposed and the currenl signal 
measured in linear sweep stripping voltammetry 



189 Open Learning 

4.3.2. Differential Pulse Stripping Voltammetry 

One of the main limitations of dc or linear sweep stripping voltam
metry lies in the base line. There is a significant capacitive current 
as the potential of the electrode is changed. Differential pulse strip
ping voltammetry offers a much better differentiation of faradaic 
current signal and noise such as capacitive current. 

SAQ 4.3b What ism~aIltby the terms Faradaic current alld 
c~padtiveCllrrent'l . 

The voltage sweep is identical to that used in conventional differ
ential pulse polarography (Fig. 4.3b). It consists of a linear voltage 
ramp on which small pulses of 10-100 mV amplitude and about 50 
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ms duration are imposed at intervals of about 1 s. The current is 
sampled just before the pulse and almost at the end of the pulse. 
The final signal is the difference of these two current values. 

IO-'OOmV'"") ~ 
15 ms current measurement 

'-15 ms current measurement 

60ms (;V ~~ )V 1O-100mV 
potential post 

~1to5s : 
'< 	 >"1 

drop lifetime 

Time 

Fig. 4.3b. The profile of the potential pulse and current 
measurement in differential pulse stripping voltammetry 

The two current values measured represent the current at two po
tential values separated by a few millivolts (the pulse amplitude). At 
the steeply rising stripping peak this small change in the potential 
will produce a large change in the electrolysis current whereas the 
same small change in potentia] will produce only a very small effect 
on capacitive current and other sources of noise. As it is the change 
in the current on either side of the imposition of the pulse which 
the differential pulse mode records, this mode allows maximum dif
ferentiation of the electrolysis current from the background signal. 
This can be seen in Fig. 4.3c, comparing linear sweep and differen
tial pulse stripping peaks measured under similar conditions. 

n 	 By analogy with differential pulse polarography, what effect 
would a change in the pulse amplitude have on the differen
tial pulse stripping peak? 

Increasing the pulse amplitude will increase the height of 
the peak and the sensitivity. However increasing the pulse 
amplitude will decrease the ability to resolve close lying or 
overlapping peaks. 
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I I 

Linear sweep E (V) Differential pulse E( V) 

Fig. 4.3c. A comparison of linear sweep and differential pulse 
stripping peak for 4 ppb cadmium and lead ions in urine 

The much greater sensitivity of the differential pulse stripping step 
over the simpler linearsweep stripping step allows the use of much 
shorter pre-electrolysis or deposition times. One can thus avoid the 
problems associated with prelonged deposition times, such as loss 
of proportionality. 

The greater sensitivity of the differential pulse technique can some
times even allow the use of a pre-electrOlysis deposition step in an 
unstirred solution, thus avoiding the problems of the reproducibility 
of the stirring. For concentrations below 50 ppb stirring is essential 
but at higher concentrations it can sometimes be avoided. 

SAQ 4.3c 
r(l,pr9'~ucibilty? 
Why ~ouklan Qnstirred solution offer greater 
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SAQ 4.3c 

The overall senSitiVIty of stripping voltammetry depends on the 
combination of the length of the deposition step and the sensitivity 
of the stripping step itself. The sensitivity is so high that frequently 
the overall sensitivity is limited by the purity of the reagents and the 
sampling and separation techniques. The differential pulse stripping 
technique is often preferred for its greater reproducibility and reli
ability. Typical limits of detection for the stripping techniques are 
1O~1O_1O-9 mol dm- 3 . 

SAQ 4.3d 
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4.4. 	 SUITABLE ANALYTES FOR STRIPPING 
VOLTAMMETRY 

Unfortunately the range of analytes to which stripping voltammetry 
can be applied is much narrower than for conventional polarogra
phy. Several conditions must be met for stripping voltammetry to 
be possible. 

The product of the deposition step must be insoluble or soluble 
in the mercury of the electrode. If it were soluble it would sim
ply diffuse away back into the solution and no concentration or 
build up of the product would occur at the electrode. This rules 
out the majority of all electro-active organic species. 

If an insoluble product is formed, it must be completely insol
uble even at the very high dilutions concerned. It must form a 
coherent layer on the electrode surface in complete electrical 
contact. A layer of high electrical resistance must not form. 

The deposited layer must be capable of re-oxidation (or re
reduction) in order to give a stripping peak. That is, it must be 
possihle to reverse the deposition process, although the reaction 
need not he strictly thermodynamically reversible. 

The deposit must be chemically stable and not be attacked by 
the solution. 

There are many insoluble deposition products which are not suitable 
for stripping analysis. 

4.4.1. Anodic Stripping Voltarnrnetry 

This is concerned almost entirely with trace metal analysis, although 
a few other applications are known. Metal ions lend themselves par
ticularly well to stripping voltammetry. The metal deposited in the 
deposition step generally dissolves in the mercury drop to form an 
amalgam. This avoids any problem with the nature of an insoluble 
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deposit. 

If more than one metal ion is deposited (at the deposition potential), 
they will in general appear as separate peaks at different potentials 
in the stripping step (Fig. 4.3c) and can be determined individually. 

However, formation of intermetallic compounds can cause prob
lems. When metals such as copper and zinc are present in solution 
there is a tendency to form a Zn/Cu intermeta1lic compound when 
larger amounts are deposited at a mercury electrode. When an inter
metallic compound is formed the stripping peaks for the constituent 
metals may be shifted, severely depressed, or even be absent alto
gether. When an alloy is formed at a solid electrode its dissolution 
potentials, in the stripping step, may be quite different to those of 
the constituent metals. 

, "-'-,".. ".-.."." 

SAQ 4.4a How "'QltJd youfind{)utrf.~<~~c()n.<fm~~;lt~iQ~
in the sample ~ould c~use ftiterf~recnceb~~o;rl'li~ 
ing an intermetalliceompoundwit~the~na:1yt~'1 
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These interfering effects can be minimised or avoided by reduc
ing the deposition time and the total amount of metal deposited. 
This would of course mean a loss of sensitivity, but use of differen
tial pulse stripping voltammetry can offset this. The use of a hang
ing mercury drop electrode with its larger mercury volume offers 
less intermetallic interference than does the mercury film electrode. 
Careful choice of a deposition potential can also sometimes prevent 
the codeposition of metals forming intermetallic compounds. 

4.4.2. Cathodic Stripping Voltammetry 

The most common species determined by cathodic stripping voltam
metry are anions such as halides or sulphide, at a mercury elec
trode. This involves formation of a film of mercury(I} sa1ts on the 
electrode in the deposition step. The anodic oxidation process in
volved in the deposition step is in fact the oxidation of mercury 
metal to mercury(l) ions. These immediately precipitate insoluble 
mercury(I) salts with the halide ion etc, on to the surface of the 
electrode. The anodic deposition potential required depends on the 
anion concerned. The subsequent cathodic stripping peak for the 
mercury(I) salt of each anion has at its own individual potential. 

Cathodic stripping voltammetry has proved suitable for a number of 
organic compounds, including drugs and pesticides. These in gen
eral contain sulphur and again the deposition step involves anodic 
(oxidation) formation of an insoluble mercury salt. Clearly this is 
possible only with a mercury electrode. 

A few metal ions such as Mn2+ and Pb2+ can also be determined 
by the cathodic stripping of their oxides on carbon or platinum 
electrodes. 

All these cathodic stripping processes involve an initial deposition 
of an insoluble layer on the surface of the electrode. If too much 
material is deposited the quality of the stripping peak will deterio
rate and the height of the peak will cease to be proportional to the 
original concentration. The method is highly sensitive but is suited 
only to these very low levels. 
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SAQ 4.4e 

SUMMARY AND OBJECTIVES 

Summary 

Stripping voltammetry is an important, but limited technique, which 
uses a pre-concentration step to enhance the sensitivity of the 
voltammetric analysis step. This pre-concentration step is electro
chemical using the same instrumentation as the subsequent voltam
metric analysis. The simplest polarographic equipment can be used 
to obtain the highest sensitivity which depends on the length of the 
pre-concentration step as well as on the sensitivity of the voltammet
ric stripping step. Since the pre-concentration step requires the pro
duction of an insoluble product which can be reproducibly stripped 
from the electrode surface in the determination step, the use of strip
ping voltammetry is limited to a few analytes, eg transition metal 
ions, halides and pseudo-halides. 
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Objectives 

You should now be able to: 

• 	 explain the basic principles and practice of stripping voltamme
try; 

• 	 explain why stripping voltammetry is the most sensitive voltam
metric technique and how this sensitivity is achieved; 

• 	 describe the types of electrode employed and whether the solu
tion should be stirred or not; 

• 	 differentiate between linear sweep and differential pulse stripping 
procedures and understand the origin of the greater sensitivity of 
the latter technique; 

• 	 recognise the much more limited range of analytes that can be de
termined by stripping voltammetry in comparison to more direct 
forms of voltammetry; 

• 	 compare the advantages of stripping voltammetry with differen
tial pulse polarography; 

• 	 explain what is meant by cathodic and anodic stripping and know 
in general what kinds of analyte can be determined by cathodic 
and anodic stripping respectively. 



5. Polarography/V oltammetry 
and the Analyst 

Overview 

This part has a very different purpose to the previous parts which 
have concentrated on the details of polarography itself. An attempt 
will be made to place polarography and other voltammetric tech
niques in the full perspective of the analytical environment with real 
samples. Polarography, spectroscopy etc are not in themselves ana
lytical methods but merely one step in a totally integrated multistep 
procedure. Other steps used in conjunction with polarography will 
be discussed. 

There is no such thing as the best method for a particular ana
lyte. The role of the sample matrix carrying the analyte is most 
important. Sometimes pOlarography will be appropriate, sometimes 
other techniques such as atomic spectroscopy or hpIe. Polarogra
phy/voltammetric methods are compared with their rivals in the 
most general terms. An individual decision must however be made 
for each individual analytical problem. 

5.1. ANALYTICAL INSTRUMENTATION IN PERSPECTIVE 

It is important to realise that polarography, atomic absorption spec
troscopy, uv spectroscopy etc are not methods of analysis. They are 

200 
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only the final step in a multi-step process. They represent just the 
final detection and quantitative determination phase. A typical an
alytical method might well consist of identification of the analytical 
information required, sampling and initial treatment of the sample, 
separation of the analyte, derivitization or pretreatment and final 
instrumental determination of the analyte, followed by interpreta
tion of the results. The choice of the final determination technique 
must be made in harmony with all the other steps. Frequently the 
greatest problems arise in the separation step and the choice of fi
nal determination procedure may be of little importance. In other 
cases it may be vital. Equally the separation step should be chosen 
to avoid interferences in the chosen determination procedure. 

Atomic spectroscopic methods give the total elemental concentra
tion of, for example, chromium while polarographic methods can 
give the concentrations: of the individual oxidation states. The latter 
is known as speciation. If knowledge of the elemental concentration 
is sufficient either technique might be chosen. On the other hand 
chromium(VI) is much more toxic than chromium(III), therefore 
polarographic analysis generally offers results more indicative of the 
toxicity of the sample, by selective determination of the two forms. 
Thus polarography can yield more useful information. However this 
applies to the determination in the final solution after separation 
from the original sample. If the separation of the chromium from 
the sample requires powerful oxidising agents, the original ratio of 
chromium(III) to chromium(VI) will be disturbed and the ability of 
polarography to differentiate them will cease to be relevant. In fact 
it will become a disadvantage. In a quite different case, if the sepa
ration step were to include use of an ion exchange resin the anionic 
chromium(VI) and cationic chromium(JII) could be separated and 
a method, including atomic absorption spectroscopy, could be used 
for the selective determination of the two forms. Thus this example 
shows that the relative merits of polarography and other techniques 
must always be considered in the context of all the steps in the anal
ysis. 

The role of the sample matrix is of vital importance. It is quite incor
rect to say, for example, that a polarographic method exists for the 
determination of the steroid, hydrocortisone. One can speak only 
of a polarographic method for a particular analyte in a specific type 
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of sample matrix. A good example is given by Jacobsen's report of a 
successful differential pulse polarographic determination of hydro
cortisone in certain ointments or creams such as 'Milliderm cream 
AL' but when an attempt was made to apply this method to another 
commercial preparation 'Salvizol ointment AL' the method failed 
completely. The reason for failure lay in the different surface active 
agents present in the two sample matrices (or excipient as the ma
trix is often called in pharmaceutical analysis). In Jacobsen's method 
the separation step was very simple and rapid. The cream or oint
ment was stirred with a1cohol and diluted with a buffer solution. 
If a more refined separation step could be devised to completely 
remove all traces of the surface active agent a new polarographic 
method could be applied to the Salvizol ointment. If an existing po
larographic method is to be applied to a new type of sample, the role 
of the sample matrix must be carefully investigated. If necessary a 
new method must be developed. This new method might or might 
not involve the same final polarographic determination SHip. With 
some samples a polarographic method might be the most suitable 
and with others it might not. 

In addition to bulk constituents of the sample, trace constituents of 
the sample might interfere with the determination of a particular 
trace analyte. The role of possible interferences should always be 
investigated. Often the choice between a polarographic method and 
some rival technique may be made on the basis of the role of par
ticular interfering agents in the two techniques. Again the choice 
should be made in relation to all the steps of the analytical proce
dure and not just the final instrumental step. 

Finally it must always be remembered that almost any instrumental 
response related to concentration could be used as a method of 
analysis provided one always had pure solutions. Real samples are 
almost always very complicated and the role of other constituents 
must always be considered in any instrumental or other means of 
analysis. 

IT 	 Summarise the important points of the above section in a 
single sentence. 
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In an analytical method the polarographic measurement is 
only one step in a multistep process in which all the steps 
must take into account the complex nature of the real same
pIe. 

5.2. 	 THE RELATIVE MERITS OF POLAROGRAPHY AS A 
DETERMINATION STEP 

The most important regions of application of polarography/voltam
metry in chemical analysis today are the trace determination of 
metallic ions particulary in enviromental analysis and the determi
nation of organic species in pharmaceutical, pharmacological and 
clinical samples. There are of course many others. 

5.2.1. Trace Metal Analysis 

The main rival to voltammetric methods for trace metal determina
tion is atomic spectroscopy. With a limit of detection about 5 x 10-5 

mol dm -3 for dc polarography and 1 x 10-5 mol dm -3 for sam
pled dc polarography, these two polarographic methods are similar 
in sensitivity to atomic absorption spectroscopy using flames. Differ
ential and normal pulse polarography have limits of detection (10-H 
and 10-7 mol dm-3 respectively) which are similar to the flameless 
atomic absorption spectroscopic methods such as the graphite fur
nace and graphite rod techniques. Stripping voltammetric methods 
with limits of detection, which can reach as low as 1O-]() mol dm -:I 

can often be more sensitive than the atomic spectroscopic methods. 

Perhaps the most important advantage of the voltammetric tech
niques over the atomic spectroscopic techniques is the ability of the 
vohammetric techniques to differentiate between the different ox
idation states of the metal, and hence give environmentally more 
relevant information. As was briefly stated (5.1) this applies only to 
the final solution used in the instrumental determination step. How
ever it does mean that a simpler separation step can be used prior 
to the voltammetric procedure and still allow quantitative specia
tion. In some cases, involving effluent or natural water samples, the 
separation step can even be eliminated. 
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Atomic spectroscopic methods have an enormous advantage in their 
speed. The final determination of a single element by atomic spec
troscopy can be made in a minute or less. Most voltammetric de
terminations take five minutes or more for the potential scan alone. 
However the situation can be reversed for multi-element determi
nations. Polarographic or voltammetric methods often allow the si
multaneous determination of several species in the same solution. 
With the atomic spectroscopic methods each element would require 
a change of lamp and its realignment. 

POlarographic methods probably suffer more from interferences of 
various kinds than do the atomic spectroscopic methods, but the 
interferences in polarography are probably easier to eliminate by 
careful choice of supporting electrolyte or at the separation stage. 
Inter-element effects can be a problem in atomic spectroscopy which 
is not easy to solve. Overlapping waves in polarography can be re
solved for metallic ions, by changing the complexing agents in the 
supporting electrolyte. A major problem in atomic spectroscopy is 
refractory oxide formation. In polarographyic analysis interference 
by surface active agents or unknown complexing agents is the major 
problem. 

An important consideration is the price of the instrumentation. 
Good polarographic equipment including dc and pulse modes can 
be bought for £1000 to £2000. Atomic spectroscopic equipment may 
be £10 000 or more. 

SAQ S.2a ;fb;e'SEC··'all(}wed Ull,1it· f.or· .caQp::Uull1:i!)n 
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SAQ 5.2a 

5.2.2. Organic Analysis 

The main rivals to voltammetric methods for trace determination 
of organic species are uv/visible spectrocopy, fluorescence spec
troscopy and Chromatographic methods such as hplc. With a limit 
of detection about 5 x 10-5 mol dm -3 for dc polarography and 
1 x 10-5 mol dm-3 for sampled dc polarography, these two polaro
graphic methods are similar in sensitivity to uv/visible spectroscopy. 
Differential and normal pulse polarography have limits of detec
tion (10-8 and 10-7 mol dm- 3 respectively) which are relatively 
similar to those for fluorescence spectroscopy and hplc techniques. 
Stripping voltammetric methods can be applied to very few organic 
species but with limits of detection, which can reach as low as 10-8 

mol dm- 3 
, it offers a very high sensitivity. 

SAQ 5.2b 
nnly.a .very 
:p()~nw>? 

Wbyct;H1 strippingvol1limmetry be applied to 
S;lTUIU nttmber()f organic com~· 
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SAQ S.2b 

The main advantage and disadvantage of polarographic analysis for 
organic species such as drugs is that only a relatively small fraction 
of organic compounds are electroactive. Thus there are many drugs 
which cannot be determined by polarographic means. A clinical or 
pharmacological laboratory could not rely on polarography alone 
but would have to have other instrumental methods available. On 
the other hand the fact that very few compounds present in the 
sample are electroactive allows a very good degree of selectivity for 
those drugs and metabolites which are electroactive. For example 
a simple alkaline or acidic extraction of an electroactive drug from 
blood plasma with ether will generally not extract much in the way of 
naturally occuring electroactive interfering species. The electroac
tive drug would then subsequently give a clearly defined differential 
pulse polarographic peak. The extract itself will contain a compli
cated mixture of materials which could be detected by spectroscopic 
and Chromatographic methods giving a complex signal. The electro
chemical method will largely ignore the electroinactive constituents. 

n 	 Why might polarographic analysis of a drug not be carried 
out directly in blood plasma? 

Blood plasma is a very complex material containing a large 
number of surface active agents and proteins which also show 
some electroactive behaviour, but which do not extract into 
solvents. 

An advantage to polarographic and other voltammetric methods of 
analysis for drugs is that frequently the metabolism of a drug in the 
body involves a change of its redox properties and hence its polaro
graphic behaviour. A good example is the phenothiazine range of 
drugs, such as chlorpromazine (Largactil) and promethazine (Phen
ergan). 
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The parent drug itself is not electroactive at the DME but its 
metabolites the S-oxides and N -oxides are electroactive, by reduc
tion, and can be selectively determined. The parent phenothiazine 
can be selectively determined by anodic voltammetry at a gold or 
graphite solid electrode. Individual phenothiazine drugs cannot be 
differentiated by polarography but it is unlikely that the patient 
supplying the blood plasma sample would be taking more than 
one phenothiazine. Frequently electroactive compounds are also 
strongly therapeutically active or toxic. Since many metabolic mech
anisms and polarographic activity both involve changes of oxida
tion state or redox character, the polarographic analysis can reflect 
clinical changes. Thus polarographic methods are often suitable for 
metabolism studies. 

Dc polarographic methods have a sensitivity quite suitable for the 
determination of many drugs in tablets, creams and other pharma
ceutical formulations. Frequently it is possible to simply crush and 
grind the tablet or tablets in water or some suitable solvent such 
as methanol and then dilute with the chosen supporting electrolyte 
for direct polarographic analysis. Most excipients used to carry the 
drug, such as lactose or starch are not electroactive. Fragments of 
undissolved excipient (tablet matrix) will not interfere with polaro
graphic analysis. These undissolved fragments would interfere badly 
with a uv spectroscopic method; further spectroscopic methods usu
ally require more complex time-consuming separation or clean-up 
steps, often involving solvent extraction. The polarographic deter
mination of drugs in ointments or creams can sometimes be just as 
simple and rapid, but interferences from surface active agents are 
more of a problem. 
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n Why would undissolved particles from tablets or ointments 
interfere with spectroscopic but not polarographic measure
ments? 

Undissolved fragments would cause an apparent light ab
sorption due to light scattering by the particles. This will 
apply to particles small enough to pass through filters and 
so elaborate cleaning techniques are sometimes necessary. 
Such particles will have no effect on the diffusion rate of the 
analyte and so will not interfere with a polarographic wave 
height. 

Metabolic studies and clinical analyses of drugs in body fluids such 
as blood plasma, urine, cerebrospinal fluid require the much higher 
sensitivity of normal or differential pulse polarography. A major ad
vantage is that the separation step required for the polarographic 
method can often be much simpler than for fluorescence spec
troscopy or even hplc. The number of peaks generated by pulse 
polarographic analysis will be much less than for hplc with spec
troscopic detection. The major disadvantage of the polarographic 
analysis is the relatively more restricted range of drugs to which 
it can be applied and the dangers of interference from surface ac
tive agents. The expression 'relatively restricted range', in fact, still 
leaves a very large range of organic species open to polarographic 
analysis. A further advantage is the relatively low cost of polaro
graphic equipment; the cost of hplc equipment can be as much as 
ten times greater. Times per analysis are relatively similar. 

5.3. 	 SEPARATION STEPS EMPLOYED WITH ORGANIC 
POLAROGRAPHIC ANALYSIS IN BIOLOGICAL 
FLUIDS 

Direct polarographic analysis in biological fluids is rare due to the 
interferences from surface active agents. Further proteins them
selves can show a complex electroactive character. Thus various 
separation steps are usually carried out prior to the polarographic 
determination. These steps can minimise the interference and can 
also be used to enhance the selectivity of the method. Many com
mon separation steps are used in combination with polarographic 
analysis. 
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(a) 	 Ion exchange chromatography. This has been used to remove 
the anionic electroactive interfering species from urine samples 
prior to the determination of various drugs. Naturally occuring 
electroactive species in urine samples are mostly organic acids. 

(b) 	Thin layer and paper chromatography. Polarographic analysis 
can be carried out after extraction of the analyte from the spot 
with a suitable solvent. The precision is not high but can allow 
good resolution of compounds of similar half wave or peak 
potentials. 

(c) 	Adsorption, gel filtration and other forms of chromatography. 
These also have been employed by various workers. 

(d) 	hplc. Although this can be employed with the DME it is more 
usual to employ:small tubular graphite electrodes or wall jet 
electrodes in the eluate flow from the hplc column. It is usual 
to speak of hplc with voltammetric detection. This combination 
is very powerful, as it combines the great power of separation of 
the hplc technique with the selectivity of voltammetry. In quite 
a few cases the best possible hplc separation yields many over
lapping peaks which are not adequately resolved and confusing 
to interpret. By using voltammetric detection only the minor
ity of electroactive species are detected and a much simpler 
instrumental response is obtained with clearly resolved peaks. 
Complete current-potential curves could be obtained at regu
lar intervals using a fast potential scan but usually the current 
is recorded as a function of retention time at a chosen fixed 
potential. 

(e) 	 Dialysis. This can be used to separate small electroactive 
molecules of interest from high molecular mass proteins which 
themselves are electroactive. 

(f) 	Solvent extraction. This is the most commonly used separation 
technique since it can remove many naturally occuring elec
troactive interfering species and, with care, offer an enhanced 
degree of resolution between closely related compounds such 
as the metabolites of a drug. It can also serve as a preconcen
tration step. 
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There are two main variables in solvent extraction - the polarity of 
the solvent and the pH of the sample solution. Generally speaking 
the less polar the solvent the less naturally occurring electroactive 
interfering species will be extracted from biological fluids. Rela
tively 'clean' polarographic blanks can be obtained following sol
vent extraction from, for example blood plasma, at a wide range 
of pH values. A drug and its metabolites will differ in their acid
base chemistry. Generally only the neutral forms can be extracted 
into organic solvents. By careful choice of pH and the polarity of 
the solvent, various metabolites can be selectively extracted in a se
ries of extraction steps. Thus the separation step is used to increase 
the selectivity of the subsequent polarographic determination. The 
organic extracts are usually evaporated to dryness and the residue 
containing the analyte is taken up in the buffered supporting elec
trolyte for the polarographic step. A back extraction into a buffered 
aqueous solution is also possible. 

SAQ 5.3a 
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5.3.1. 	 A Complete Analytical Method Using Polarography in 
Clinical Analysis 

A good example of a solvent extraction scheme combined with po
larographic determination is given by the determination of chlor
promazine (Largactil) and its three metabolites (the S-oxide, the 
N-oxide and the S-oxide-N-oxide) in blood plasma. The details of 
this method are not important and you should make no effort to 
remember them. However it does serve as a good illustration of a 
complete polarographic method. 

It has been mentioned in a previous section that polarography 
can distinguish between the electroinactive (at the DME) chlorpro
mazine and its electroactive metabolites. However the three metabo
lites are all reduced (back to the parent drug) at similar potentials 
and their polarographic waves or peaks cannot be resolved. The 
S-oxide-N-oxide produces twice the wave height since it has two 
electroactive groups. 

An extraction scheme has been devised by Beckett (Fig. 5.3a). The 
cationic dye methyl orange is used to release the drug and metabo
lites from protein binding to allow extraction. The chlorpromazine 
and its N-oxide are extracted into benzene/dichloroethane (95: 5) 
v/v at pH 4, leaving the S-oxide and S-oxide-N-oxide in the aque
ous sample solution. The latter are then subsequently extracted 
by making the solution alkaline and using the more polar solvent 
dichloroethane in a second extraction. The S-oxide and the S-oxide
N-oxide are determined polarographically together. They are differ
entiated by the reduction in wave height when the S-oxide-N-oxide 
is reduced to the S-oxide with S02. The chlorpromazine and its N
oxide extracted in the first extraction are further separated in a series 
of additional extraction steps. The N-oxide is finally determined by 
direct differential pulse polarography. The chlorpromazine can be 
determined by voltammetry at a gold electrode (electrooxidation) 
or at the DME after oxidation with bromine water to the S-oxide. 
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Fig S.3a. The extraction scheme for the polarographic analysis of 
the metabolites of chlorpromazine. Beckett A. H., Essein E. E., and 
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Wave height of X is proportional to CPZSO + 2 x CPZNOSO 
Wave height of Y is proportional to CPZSO + 1 x CPZN050 
(X and Y come from half the total sample) 
Wave height of Z is proportional to CPZNO 

NB CPZNOSO gives twice the wavelength of CPZSO or CPZNO 

It is important to realise that this analytical method begins as the 
needle leaves the arm of the patient. It is vital, for example, to sepa
rate the red blood cells from the sample as soon as possible, because 
the breakdown of haemoglobin would introduce electroactive iron 
species which might be carried through to the final polarographic 
steps. The method is an integrated process in which the sampling 
and separation steps are harmonized with the final polarographic 
steps. The above example takes advantage of the great sensitivity of 
differential pulse polarography, but the selectivity and the metabolic 
speciation, in this case, depend on the separation steps. 
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SAQ S.3b 

5.4. 	 THE USE OF DERIVITIZATION IN 
POLAROGRAPHIC ANALYSIS 

Polarography requires an electroactive species. However com
pounds which themselves are not electroactive can be be determined 
using polarography by chemically changing them into electroactive 
species. With organic analytes this usually involves the introduction 
of an electroactive substituent. Such a process is known as deriviti
zation. Some common derivitization reactions are listed. 
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Nitration. Compounds containing aromatic nucleii can often be 
readily be nitrated. The introduced nitro group gives a well de
fined analytically useful wave or peak. 

Reaction with sodium nitrite. This reaction gives rise to a vari
ety of electroactive products depending on the compound con
cerned and the reaction conditions. This type of reaction is most 
often applied to phenols and amines. 

N -oxidation and S-oxidation. This can be used for heterocyclic 
nitrogen and sulphur compounds. Oxidising agents could in
clude hydrogen peroxide, bromine and chloroperbenzoic acid. 
A good example would be the oxidation of electroinactive chlor
promazine to its electroactive S-oxide. 

Formation of semjcarbazone and hydrazone derivatives. This 
can be used for electroinactive ketones and aldehydes. The 
derivatives are electroactive. 

Hydrolysis and other forms of degradation. Degradation of some 
species creates electroactive products. Acceleration of these re
actions to completion could be used to allow polarographic anal
ysis. 

Generally derivitization is not very selective as other solution com
ponents may also be involved producing electroactive forms. The 
precision of the method will also be reduced. It is a technique of 
last resort in most cases. 

5.5. 	 SURFACE ACTIVE AGENTS AND POLAROGRAPHIC 
;\NALYSIS 

The analytical chemist using polarography must always be aware 
of the presence of and effect of surface active agents. These can 
have a drastic effect on the polarographic behaviour of the analyte. 
The half wave potential can be shifted sometimes by hundreds of 
millivolts. The wave shape can change and the height mayor may 
not be depressed. Sometimes the wave is split into new waves or 
is so badly formed as to be useless. On occasions the wave may 
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be completely suppressed. Certainly a calibration made with pure 
solutions will no longer be valid. 

The situation, however, is not hopeless. There are various ways of 
coping with samples containing surface active agents. 

In many cases, beyond a certain concentration of a particular surfac
tant the effect on the polarographic wave or peak becomes constant. 
Often if the concentration of the surfactant can be kept constant, its 
distortion of the polarographic behaviour can be kept constant. For 
example there are many drugs which can be determined in specific 
ointments by simply stirring the ointment with methanol and dilut
ing the extract with the chosen buffered supporting electrolyte. The 
resultant polarographic wave or peak can be highly reproducible, 
with the wave or peak height proportional to the concentration of 
the analyte, provided the amount of the ointment base, the excipi
ent, is kept constant. The position and height of the wave or peak 
will be quite different to that of the same amount of the drug in a 
pure solution in the absence of the ointment base. However if the 
calibration is made in the presence of the same amount of excipient 
an accurate analytical determination can be made. 

When the analyte is present at higher concentrations, for example 
vitamin C (ascorbic acid) in orange juice, it is possible to minimise 
surface active interference by a very large dilution of the sample. 
The analyte can then be determined using the high sensitivity of 
differential pulse polarography. This also allows use of a very small 
sample volume. Vitamin C can be determined in 25 J.d samples of 
fruit juice by dilution with, for example, 5 cm3 of a pH 3 acetate 
buffer solution. The differential pulse polarographic peak for the 
ascorbic acid is well formed and analytically useful. Attempts to use 
dc polarography to accurately determine the ascorbic acid (about 
10-3 mol dm -3) directly in the fruit juice or with a slight dilution 
would probably fail due to surfactants present. Such a dilution tech
nique will not be of use with stronger surfactants. 

If the amount and type of surface active agent present cannot be 
controlled or the interference too drastic or unreproducible, steps 
must be taken to separate the analyte from such agents or some 
technique other than polarography used. 
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I1 	 How might one know if an unexpected surfactant was inter
fering with the determination of an individual sample? 

It is hard to be absolutely sure this has not happened. How
ever, the wave or peak for individual samples should be ex
amined to check that the half wave (peak) potential and wave 
(peak) shape has not altered from those of the standards. 
Generally when the wave height or peak height is depressed 
by surfactants the potential of the peak/wave is shifted and 
the width altered. The use of the standard addition tech
nique avoids this problem by producing the calibration in 
the individual sample itself with any surfactant levels present 
unaltered. 

5.6. CALIBRATION METHODS 

In the development of a polarographic method of analysis, the first 
step is to establish thatthe analyte gives rise to a diffusion controlled 
wave (peak) whose height is proportional to the concentration of an
alyte, and, where possible, independent of pH. Then the nature of 
the sample matrix and possible interfering species should be inves
tigated and the sampling and separation steps chosen accordingly. 
The final analytical signal in polarography is, of course, the height 
of the wave or peak (or area under the peak). The final develop
ment step is to choose a method of calibration for the wave or peak 
height against concentration. 

The two most important techniques are the construction of a cali
bration plot using standards and the method of standard addition. 

5.6.1. Calibration Plots 

The preparation of a calibration plot using pure solutions, of the 
pure analyte in the chosen buffer solution, is of little practical use in 
the analytical context. It is of use in establishing whether or not the 
wave is diffusion-controlled or not. It is also of use in investigating 
the extraction efficiency of the preceding separation step, or the 
effect of surface active agents in the sample on the wave or peak 
height. 
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The analytical calibration plot must always be prepared with stan
dard solutions, which are as close as possible in composition to the 
real samples being investigated. For example when determining a 
drug in an ointment or cream, it is important that the standards 
should be prepared containing the same amount of ointment or 
cream base. Sometimes the standard solutions, for calibration pur
poses, are simply prepared to resemble the final sample solution 
subjected to polarography after the separation steps. However it is 
best to subject the standards to all the steps of the analytical method. 
This is vital if the preceding extraction method chosen is not 100% 
efficient. 

It is particularly important to ensure that the amount and charac
ter of any surface active components in the sample solution are as 
exactly similar as possible in the standards chosen for calibration of 
the wave height. 

A calibration plot should contain at least six points and cover a 
range somewhat wider than the expected sample range. Several sub
samples should be obtained from the original sample and each sub
jected to the complete analytical method. An average result for the 
concentration of the analyte can then be obtained by reference to 
the calibration plot. This presents the most precise method of inter
pretation of polarographic analytical results. 

The main weakness of such a calibration plot lies in the difficulty 
of preparing standards and standard solutions to resemble 'real' 
samples. Human blood plasma samples are surprisingly similar and 
normal plasma samples spiked with the analyte can often be used 
to prepare standards for the clinical analysis of the drug by a po
larographic analysis. On the other hand natural water samples can 
vary enormously in composition and preparation of representative 
standards can often be a major problem. 

SAQ 5.6a What is tbe 
precision? 
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SAQ 5.6a 

SAQ 5.6b The preparation of a calibration plot and of a 
•sampl~" m:eas;llfementinvolves the running of a 
'blank'. Wb~t. is a· 'blank '1 . 
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5.6.2. The Method of Standard Addition 

This method is generally significantly less precise than the use of a 
calibration plot, but may often be more accurate if the composition 
of the sample matrix is unknown or too variable. It is in practice 
a calibration plot prepared in the individual sample solution itself 
and therefore under the exact, if unknown, conditions of the sample 
and with the same concentration of surface active agents etc. 

The sample solution (eg 5 cm3) is taken and the polarographic wave 
or peak obtained. A small volume (eg 5 Ill) of a concentrated so
lution of the analyte of exactly known concentration is added to 
the sample solution and the new increased polarographic wave or 
peak height is obtained. The volume added is chosen so as not to 
appreciably dilute or alter the sample solution except as regards 
the analyte concentration. Thus any interference or suppression of 
the wave or peak height from surface active agents etc will remain 
constant. The standard addition can be repeated several times. 

A plot is finally made of wave or peak height against the total 
quantity of analyte added (Fig. 5.6a). The original wave or peak 
height lies on wave height axis at zero addition. The plot should 
be a straight line. This line is extended until it crosses the quantity 
axis. The negative intercept on this axis gives the original quantity 
of analyte present in the sample solution. 

o 
Standard addition ( JLmol ) 

Fig. 5.6a. A typical standard addition plot 
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The most precise results can be obtained by using several standard 
additions and by repeating the entire procedure with several sub
samples of the original sample. A blank measurement should also 
be taken, to determine any traces of analyte (or other electrochemi
ally indistinguishable material) present in the reagents used for the 
supporting electrolyte etc. Sometimes if a lower precision is accept
able and speed of analysis is important, only one standard addition 
is made and the concentration of analyte obtained by simple calcu
lation from the increase in the wave height (See 1.6.3). 

The great advantage of the standard addition technique is that any 
suppression of the wave or peak height or change in the shape of the 
wave or peak due to surface active agents will usually be identical for 
each peak measured, as the concentration of this interfering species 
is not altered. If the degree of suppression depends on the analyte 
concentration, the staQdard addition plot will not be linear and the 
method will have to be abandoned. 

If the character of the sample matrix is reproducible and known, 
then the method of the calibration plot is best. If the character of 
the sample matrix is unknown or variable the standard addition 
technique is to be recommended. 

SAQ S.6c 

an~ly,ti(!81pt'ol:llem? 

~HoW i.n fact would you determine which of the 
t~(f)caUbration.methods to use for a particular 
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SAQ 5.6c 

SUMMARY AND OBJECTIVES 

Summary 

Voltammetry or polarography, as with any other analytical tech
nique, is only employed as one part of a multistage method in 
which the electrochemical or polarographic part is simply the final 
step. The whole analytical procedure must be designed as a coher
ent whole. Voltammetric/polarographic methods have a number of 
advantages and disadvantages in comparison with such methods as 
atomic spectroscopy (for metals) and hplc chromatography (organic 
analytes). However there is never a 'best method' but just a compro
mise between the factors involved in each individual case. The role 
of the sample matrix is an important consideration in the choice of 
method. 

Objectives 

You should now be able to: 

• 	 give a general account of the philosophy of voltammetric analysis 
as a tool; 
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• 	 recognise that voltammetric or polarographic analysis is a multi
stage technique in which the electrochemical part is simply the 
final step (the whole analytical procedure must be designed as a 
coherent whole); 

• 	 describe the general advantages and disadvantages of voltammet
ric/polarographic methods in comparison with rival methods (eg. 
AAS and hplc); 

• 	 recognise that there is not a best method but just a compromise 
between many factors in each individual case; 

• 	 explain the role that the sample matrix may play and the major 
hazard that adsorption effects represent to reliable analysis; 

• 	 describe the two most common calibration techniques and be able 
to choose intelligently between them. 



Self Assessment 
Questions and Responses 

SAQ 1.1a 

Response 

It is important to realise that an analytical technique should not 
be given the name polarography unless the working electrode is 
specifically a dropping mercury electrode (DME). Polarography is 
voltammetry at controlled potential using a DME as the working 
electrode. 

*********************************** 

SAQ 1.2a S)(et<;h and lab~J.. a eir~uitfQ17apPt~llti6stat., ... 
leaUy controlled thr~"J*~st~94e<;~H,a1i4( .~)!{ 
plain hQw.potentiosiat~ccQn~rol is· acn:it~e~[ ai)t:J 
maintaineQ: Wny are th~e~eJ:ectrQdes ne~sSary'li 
. Wltat problems·arjsewll(fn'.fJ9n'!a<tueC).u&s:olU:~ 

( ·tioll& are. ll9:edZ· ... . . 
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Response 

A suitable circuit is that shown in Fig 1.2d. Potentiostatic control 
is achieved by means of the auxiliary circuit shown in Fig. 1.2b 
and 1.2d. The reading on the high impedance voltmeter (P) has the 
significance of: 

P = I EWE ERE I = E wE(SCE), 

if a saturated calomel electrode (SCE) is used as the reference elec
trode. The required value of EWE (SCE) is fed into the potentiostat 
memory and the potentiostat compares the required value with the 
measured value. Any difference is an error signal. The potentiostat 
causes the dc supply to alter in such a way (altering the cell current 
as a consequence) that the error signal is reduced to zero. When this 
is achieved (very rapidly) we have potentiostatic control. Control is 
maintained by the continuous comparing of required and measured 
signals and the consequent adjustment of the dc supply. 

Three electrodes are necessary to overcome the fact that the poten
tials of most electrodes change when continuous current is passed 
(polarisation). In a two-electrode cell the measured voltage is the 
difference in potential between two changing individual electrode 
potentials. In these circumstances it is impossible to calculate the 
potential of anyone electrode. Non-aqueous solvents cause prob
lems in terms of solubility of the analyte and supporting electrolyte 
but principally problems arise because the resistance of the solu
tion rises. This causes loss of potentiostatic control. The reference 
electrode may also become unstable. 

*********************************** 
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SAQ 1.2b Sketch the appearance ofaceU suitabl~ fQr dc 
polarography analysis and oommentolithef~a~ 
tures. 

Response 

Your sketch should have resembled that in Fig. 1.2g and the main 
features incorporated should be; (i) thermostatting, (ii) filling and 
emptying the cell in situ, (iii) purging with gas, (tv) gas venting, (v) 
minimum volume, (vi) three electrodes. 

*********************************** 

SAQ 1.3a Summarise the factors that determine the volt
age window for dc polarography in aqueous so· 
lution. 

Response 

The factors are: 

(i) 	 the cathodic voltage limit for the reduction of hydronium ions 
on mercury which is always more negative than -0.8 V (SeE), 
the exact value depending upon the pH; 

(ii) 	 the cathodic voltage limit for the reduction of the cation of the 
supporting electrolyte which for K + ions in aqueous solution 
is about -2 V (SCE); 

(iii) 	 the anodic voltage limit for the oxidation of mercury which oc
curs at potentials more positive than about -0.1 V (SCE), the 
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exact value depending upon other species present in solution, 
but never >0.2 V (SeE); 

(iv) 	 complete removal of oxygen from the solution. If present, oxy
gen is reduced in two waves which obscure the window. 

*********************************** 

SAQ 1.3b Sk~tcl1 anti ~escrit'le,!:he construction of a typical 

Response 

Your sketch should resemble Fig. 1.3a, the main features are the 
height of the column of mercury (h) in the range 20-100 em, the 
capillary of length 10-20 cm and diameter of about 50 /-tm, a drop of 
maximum diameter of about 1 mm, a drop rate (m) of about 0.5 to 
2 mg S-1 and a drop time (t) of 0.5-5 s. The relationships between 
m, h, and tare: 

Modern instrumentation incorporates a tapping mechanism which 
knocks drops from the capillary at a pre-determined interval in the 
range given above. 

*********************************** 

SAQ 1.3c Explain the origin of a capacitive current in de 
polarography and state the time dependence of 
tbisquantity. 
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Response 

There is always a characteristic potential for any electrode/solution 
interface where there is no net charge on the electrode. This is the 
potential of zero charge. (E pzc) which for Hg/H20 has a value of 
about -0.5 V (SeE). At any other potentia], charge develops on the 
electrode and there is an analogy with a para]]el plate condenser 
across the electrical double layer formed at the electrode. A capac
itance is created, C DL, and a capacitive current, JCp is given by: 

Treating the Hg drop as a sphere, 

This time dependence shows a rapid decay during the drop lifetime. 
The capacitive current increases (in positive sense) as the potential 
moves negative to E pze. 

*********************************** 

SAQ 1.3d Sketch .the appearance Qfcurremmaxil1lain .. de 

signals can be avoided> 

Response 

Your sketch should resemble Fig. 1.3f. There are two kinds of max
ima and they are both due, in differing ways, to an enhancement 
of the required diffusion-controlled mass transport mechanism by 
convective movements at the Hg/H20 interface. Both types of max
ima may be prevemed by the addition to the solution of a small 
amount of surfactant, eg Triton X -100. 

*********************************** 
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SAQ 1.48 tl~~''''J'ting'eteetri)Jyte 
~mtP.f~t~s_ing·the 

C~~£i~~~f··'· ,. 

a conCentration 
an aqueous so-

Response 

(i) 	 There is no need to do anything other than use the system 
H20/0.10 mol dm-3 KCl. This will give a window of about 0 
to V (KCl) and you would expect the wave for Cd(JI) to 
have E1 ~ -0.6 V (SCE). 

2 

(ii) 	 Here it would be necessary to give yourself as wide a window 
as possible because you have no information on the value of 
E 1/2 for nitrobenzene. Use say 0.10 mol dm- 3 (C2HS)4NBF4 as 
supporting electrolyte. this should, with methanol as solvent, 
give a window of at least +0.2 to -2.5 V (SCE). 

(iii) 	This is a trap. You should have said that 10-6 mol dm-3 is 
below the detection limit for dc polarography. More advanced 
polarographic methods will detect this level of concentration 
easily. There are also general techniques available for concen
trating metallic cation solutions. 

*********************************** 

http:H20/0.10
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SAQ 1.4b 

Response 

The two roles are: 

(i) 	 to make the solution sufficiently conducting by ensuring a low 
electrical resistance. This is particularly important when non
aqueous solvents are used; 

(ii) 	in dc polarography the theoretical basis of the technique is 
founded on the assumption that mass transport of analyte to 
the electrode is diffusion-controlled. This is ensured by using a 
supporting electrolyte in excess concentration so that the ions 
of the supporting electrolyte carry most of the migration cur
rent. 

Answer to the calculation is Jm / Jd = 0.0035 

If you did not obtain this answer then you should read again 1.4.2 
and try the calculation again before reading the solution that follows. 

t(Zn2+) = (2 x 5.5 x 10-11 x 5 x 1O-4)/Denominator. 
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-

Denominator 	 :::: (2 x 5.5 x lO-H x 5 x 10-4 ) 

+(1 x 7.4 X lO-H x 10-3) 

+(1 x 7.6 X lO-H x 0.1) 
10-11+ (1 x 7.9 x x 0.1) 

:::: 1.56 X 10-8 

Thus t(Zn2+) :::: 55 x 10- 12 /1.56 x lO-R 

:::: 3.52 X 10-3 

A fraction 0.0035 of the total cathodic current is due to the migration 
of Zn(II) ions to the cathode. 

I m DC 0.035 units,if total current is say 10 units. 

I d DC 9.965 units and, 

We see that under these conditions the, transport of Zn(lI) to the 
electrode is under diffusion control. 

*********************************** 

SAQ 1.5a State the main contributions to the Faradaic CUT

rent in an electrolysis celt How does diffusion 
control manifest itself in the current/working 
electrode potential relationship? 

Response 

The Faradaic current is a measure of the rate of all the electro
chemical reactions occurring at the working electrode. We say that 
there is 100% Faradaic efficiency if the only reaction occurring is 
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the required one. The main contributions to the Faradaic current 
are: 

the rate of the overall electron transfer process at the electrode 
surface, and 

the rate of mass transport of the electroactive species through 
the solution to the electrode. 

Diffusion control manifests itself in the existence of a maximum 
(limiting) current which in dc polarography is called the diffusion 
current (Jd). 

*********************************** 

SAQ 1.Sb Show by a sketch the effect of slow and fast 
electron transfer and slow and fast mass transfer 
upon the shape of 1/E WE curves. . 

Response 

The required sketch should resemble that in Fig. l.5n. 

B 

Fig 1.Sn. 1/ Ewe curves 
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Curve A shows fast electron transfer and mass transport, curve B 
slow electron transfer and mass transport. There is a significant 
change in the position and height of the wave. Note the position 
of Ee, the reversible potential. 

*********************************** 

SAQ 1.5c State the general f(lfm of the llkovic equation 
fora reduction process and explain the terms 
used. From this e<Jtlation derive the form of the 
HejrrovS'kY"'lIkovie-equation that applies to the 
reaction: 

'/red~ ox + 'Ie 

where both reduced and oxidised'species are sol
.u0Ie,~nd only the reduced species is present in 
the~qlution. Draw the wave obtained in this 8it

Response 

The general form of the Ilkovic equation is: 

I 2 1 ( )I ::: 708 nFDc3x m 3 lfi cox - c~~: ' 
where n is the number of electrons transferred. D I m2 s- J the dif
fusion coefficient: mlkg S-1 the rate of flow of Hg; tis the drop 
time, cox Imol m -3 the concentration of analyte in the bulk solution, 
c~x Imol m -3 the concentration of analyte at the electrode surface. 

For an oxidation process, 
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1 2 I ( 
Cred1= 708 nFD2 m3 1'6red 0 

Note that cox = 0, because only reduced species is present. 

From Nernst equation: 

redRT c
E= E-&- In ~ 

nF Co 

In this case 

I 

E = E-&- RT In D;ljd _ RT In I 
nF D2 nF I 

ox 

= E I - RT In {Id - I} 
2 nF I 

Compare with Eq. 1.51 (p65). 


The wave obtained would resemble that shown in Fig. 1.50. 
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8 


Fig 1.50. Polarographic wave for an anodic process 

*********************************** 

SAQ 1.5d ;W~~f~~tn~rmainfactQ~ thatdetermines the limit 
:.~(~~c~ioningep()larography? Sketch the ap

,', -,,,,,.' ." _d. -', -", ,."-- ',,'. - - - - 

<·.p~~Fan()ftl'Je p~l~rQfams Of.a .. typicaJ sup-
~ ··<.}ct· . .alldsiypical analyte solution 

yte.con~e1'J,tration is >10-3 mol 
...... ,l1b~$1l~.pe ~f the oscillations in 

.~l.Ii~~ijt:due.ia:c;t~QP~e). . 
,,<,' d ',";____ ~-_,' 'c " 

Response 

It is the capacitive current component of the total cell current which 
/#

is the main factor in setting the detection limit in dc polarography. 
When the concentration of analyte falls to < 10- 4 mol dm- 3 the 
Faradaic current falls to the level of the capacitive current and the 
Faradaic signal becomes lost in the background. The polarograms 
required are in the text. You are being asked to bring together Fig. 
1.3e. and Fig. 1.5f. The shape of the individual oscillations are mag
nified in Fig. 1.3d. and 1.5d. 
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As the concentration falls to about 10-4 mol dm -3 the shapes of the 
curves in Fig. 1.3e. and 1.5f. will merge and the individual oscilla
tions will as a consequence resemble Fig. l.5e. 

*********************************** 


SAQ 1.5e 
. . 

. Use a graphicalmetbodand the. Meltes methqd. 

to determjne whether or not the followipg data: 


. relates to a reversible rea<;tio_n~. What is ~hesjg


nifican.ce of Et far a reversible rea<;tiom is this 

significance valid for tbisr.e8ction? 

EWE (SCE)/V: -0.419 -OA51.~O.491 ~0.519:"'O.561 

Response 

The answer is that the reaction is not reversible. The graphical 
method is to plot log 1/ (ld - 1) against EWE, (Fig. 1.5p.) 

log I/(Jd I): -0.955 -0.602 -0.176 0.176 0.602 

EWE/V: -0.419 -0.451 -0.491 -0.519 --0.516 


http:nifican.ce
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Ig!l{~-J) 

OA 

/ 
/

o 

• Slope=-10.96V-1 

-OA 
~12= -0.504 V 

-0.8/
/ 

-0.56 r::
c;.WE 

Fig. 1.5p. Test for reversibility 

If the reaction is reversible then the slope should be ~.. nf72.303 RT = 
-2/59.1 = -0.0338 mV~l. We see that for the above data the slope 
is -0.0110 mV-I; numerically much too small. Hence the reaction 
is irreversible. 

The Meites test is normally applied to the experimental polarogram 
but we can calculate E1 and EJ. from Fig. 1.5p. E1, ie potentia] when 

4 4 4 

1= ! Id, is 0.536 V; E~, ie potential when I = ~ Id, is -0.494V. 

EI E3 = -0.042 V = -42 mV 
J J 

For a reversible reaction the value is (-0.0564) V = -0.0282 V = 
n 

-28.2 mY. These values differ greatly so the reaction is irreversible. 

For a reversible reaction, 
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I 

RT . (-vred D 2 ) 10 ox - ln 
nF -vox D t 

10 red 

Although a value for E! has been calculated in Fig. 1.5p. -0.504 V 
2 

(SeE), this value is now a function of k O and t as well as 10 and D. 

*********************************** 

SAQ l.Sf 

Response 

Your answer should be derived from knowledge embodied in Fig. 
1.51., and should resemble Fig. 1.5q. 

1t(f) Sn4 ++ 2e - Sn2 + 

8Ia 

£112= -O.094V (SeE) 

Fig. l.Sq. Mixed wave with excess of oxidised species 
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Note that the value of the height of the cathodic wave is greater than 
that for the anodic wave as the concentration of Sn(lV) is greater 
than the concentration of Sn(II). 

Note also that the mixed wave is still centred around EI since this 
2 

is a reversible reaction. The value ~O.094 V (SeE) is derived from 
Fig. 1.2c. after correction to the SeE scale. 

*********************************** 

SAQ 1.6a 

Response 

This is asking you to recall the contents of 1.6.1 and 1.6.2. You 
should have included the following points in your description. 

(i) 	 A circuit similar to that in Fig. 1.2d., using three electrodes 
and potentiostatic control. 

(ii) 	 A 3-electrode cell similar t9 that in Fig. 1.2g. using a DME 
(WE), Pt (SE), SeE (RE). Check that the DME is delivering 
Hg at the required rate. Adjust the Hg column height (h) if 
necessary or alter the time interval of the mechanical tapper. 

(iii) 	 Turn on the thermostat water circulation and adjust the ther
mostat to 25.0 ± 0.2 dc. 
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(iv) 	 Check that the nitrogen supply for deoxygenation is deliver
ing nitrogen at a suitable rate. 

(v) 	 Make an aqueous solution of about 10-4 mol dm-3 Pb(N03h 
and Zn(N03h and 0.1 mol dm-3 KCI. The latter is the sup
porting electrolyte. 

(vi) 	 Introduce this solution into the cell. Make sure that all three 
electrodes are in the solution and add a small amount of a 
dilute aqueous solution of Triton X-lOO as a maximum sup
pressor. 

(vii) 	 Deoxygenate the solution for about 10 minutes then bathe the 
surface of the solution with nitrogen (Fig. 1.2h.). 

(viii) 	Wait for the solution to become quiescent and also allow time 
for the solution to attain thermostat temperature. 

(ix) 	 Set the potentiostat controls to scan 0 to -2 V (SCE) at say 
2 m V s- J and set the X-Y recorder to initial conditions. The 
cell current is fed to the Y-axis and the value of EWE to the 
X-axis. 

(x) 	 Complete the circuit and start the scan. The result should 
have the appearance shown in (Fig. 1.6i.) 

Fig. 1.6i. Determination of E1 for a 2-component system
2 
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The construction lines shown are those described in 1.6.2 and shown 
in Fig. 1.6b. You may have decided to sketch in the oscillations due 
to the varying size of the drop. These should appear as in Fig. 1.5f. 
The values of E! shown are given in Fig. 1.6c. 

2 

*********************************** 

SAQ 1.6b Consult the data in Fig. 1.6c and comment on 
the feasibility of analysing for Pb(II) and TI(I) 
ions in the same solution at 25°C. What differ
ence would it make if Pb(ll) were monovalent 
or if tbe concentrations of the two ions differed 
greatly? 

Respullst: 

In order to resolve neighouring waves satisfactorily the difference 
in half-wave potentials should be, 

300 
!:::.EI > - mV 

:2 n 

In this case we could take n to be 3/2, ... !:::.E! > 200 mY is 
2 

sufficient. From Fig. 1.6c. we see that !:::.E! is -0.40 - (0.46) = 
2 

0.06 Y = 60 mY. Therefore these two waves would overlap making 
accurate analysis impossible. 

If Pb(Il) were monovalent matters would be worse because now 
!:::.E! > 300 mY would be required. This is because the wave rises 

2 

more steeply as n increases (Fig. 1.6f.). The problem of resolution 
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is made much worse if the second wave, here TI(I), is much larger 
than the first wave which would be true if the Tl (I) concentration 
were much greater than that of Pb(lI). You might have commented 
that derivative polarograms would marginally improve the situation. 
In the next section (1.7) there is a hint of a solution to this problem. 

*********************************** 


SAQ l.k 

Response 

····Ais~ries ...()f.St~il~ir~.$~l~ti~i~f~~(~~i)f~t~f··· 
p£epat;~:ana.:~b~~t: '" . . .~!l~f:~:.~~tlliJ,le9 i' 
sep~fatelYiat.2$.~~j .....,..... .... '.' .. '.~~~i#.i.~~$(ln 
iOJ)s ..•.~~•.. a·.~~eJ!tr~t;io~;~f;&··~~a~lyi?1.()~4 
mol C}m-l· \V~s·rlOW;j~\J'$tt........... '......• :~·'J$~~n§wI't;).
The re~ults .~e:.•. giveftJ1~~,O)'l£E~e.fl'llil't~r~!~~ ..ae:·· 
cUfateconcentratiQfl '0.(Znft1J 1017;8 ·.itJ:.til~llitter 
s<>luti9Jl. 

Id./pA. 

The answer is 3.7 x 10-4 mol dm-:'\ You should have used the 
direct calibration (or working) curve method (Fig. 1.6j.) 
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Fig 1.6j. Application of a calibration curve 

The sewage sample would contain many metal cations and organic 
species. There would therefore be potentially many interferences, ie 
contributions other than Zn(Il) ions to the Faradaic current. You 
could elect to clean up the sample using separation techniques and 
then use the direct method but it would be better to use the standard 
addition method. 

*********************************** 

SAQ 1.6d W1:IY is de polarography said to be a non
deStrti~!i\r¢:m~thQd of analysis? Name one other 
nQIl-:destructlve and one destructive method of 
analysis. 



244 Analytical Chemistry 
------ - --_..... _--------------- 

Response 

Each experiment typically removes < 0.5% of the analyte from solu
tion hence virtually non-destructive. Each student will have a dif
ferent background knowledge but examples of non-destructive tech
niques are: uv-visible spectrometry, infrared spectrometry; examples 
of destructive techniques are: atomic absorption spectroscopy, flame 
photometry. 

*********************************** 

SAQ 1.7a 

Response 

You should have included the following points. 

(i) 	 The finite voltage window which at best is + 0.2 to 3.0 v 
(SeE). .. 

(ii) 	 The detection limit is about 10-4 to 10-5 mol dm -3 which is 
> 1 ppm. 

(iii) 	Overlap of waves from species with similar values of 

(iv) 	 The existence of three specific effects which cause distortion 
of the wave or the emergence of additional waves. These are 
catalytic currents, adsorption currents and kinetic currents and 
their effects are due to changes occurring in the normal model 
of the transport of the analyte to the electrode. 

*********************************** 
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SAQ 2.1aWh~t is meant by th~termactivation energy? 
.. 

Response 

The energy needed to get the reaction started. At the beginning of 
a reaction an initial reaction intermediate, the so called activated 
complex, must be formed. The formation of this excited state re
quires energy, the activation energy. The activated complex decom
poses to the products. In polarography the activation step would 
involve addition of an electron, possibly across some energy bar
rier. If the activation energy is sma]] compared to the energy dif
ference between starting materials and products, a reversible elec
trolytic process will occur. ]f the activation energy is large compared 
to the energy difference between starting materials and products, an 
irreversible electrolytic process will occur. 

*********************************** 

SAQ 2.2a What is faradayts Law? 

Response 

In modern language this states that the quantity of electricity re
quired to make one mole of an electrode product is a universal con
stant multiplied by the number of electrons required per molecule 
(or per ion). the constant is the Faraday (symbol F) with a value of 
96485 coulombs or 96485 ampere seconds. It could be expressed: 

No. of moles formed = nFIt 

where J is the current in amperes, t the time in seconds, n the 
number of electrons consumed per molecule (= the charge on a 
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metal ion) and F the Faraday. It could be summed up by saying 
that one mole of electrons is equivalent to one Faraday or 96485 
coulombs. 

*********************************** 

SAQ 2.2b 

Response 

The electrostatic attraction will increase the mass transport of ions 
to the electrode and will thus add to the current. The electrostatic 
repulsion will slow down the mass transport of ions to the electrode 
and will thus lower the current. 

*********************************** 

SAQ 2.2c 

Response 

The simplest method is to plot log(current) against log(time). The 
slope gives the power to which the time is raised in the relationship. 
This is most accurate near the end of the drop lifetime. The same 
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method could be used for the relationship between the current and 
the mercury column height. It is a good idea to replot the current 
against the power of the time (or column height) found to check 
that the line passes through the origin (0,0). 

*********************************** 

SAQ 2.2d WhatistlJe~tl~l difference between a cat· 
~~~i<~~lly~n(J~&inet:icaUj controlled wave? . 

Response 

The key difference lies in the fact that the species of interest is re
generated and not consumed in the overall electrode process of the 
catalytic wave. In the kinetic wave the species of interest is con
sumed by the preceding chemical reaction. Hence catalytic waves 
are very large and conventional kinetic waves small. Strictly speak
ing a catalytic wave is a kinetic wave with regeneration of the species 
of interest. But usua]Jy the term kinetic is applied to processes with
out regeneration. 

*********************************** 

SAQ 2.2e . The height of a dc polarographic wave was mea
sured at different heights of the mercury col
umn for Iii freely dropping mercury electrode. 
The;.follo\Ving waVe heights were obtained, for 
these merc.ury column heights corrected for 
b;ackpress\l:re~ 

llejghtof;.tQhm1rt/cm 30 40 50 60 70 
waveheigbtIarbi trary 

units 23.5 27.3 32.0 33.5 36.2 
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SAQ 2.2e ·A good··proportiori~~~a~~hi~r\\1a~f<llind~~'>. 
(cont.) the wave.h~ip.t>~th;:~tie~~tr~uOtl'i'fb~~av~.'. 

heigbtwasfound~(): "t_peta;~' 
by a~\lt 2%l<-.1~W:ljj ~itti\gcutrertt· 
was.illvplved'l· '.. 

Response 

A plot of log(wave height) against log(Hg-height) should have given 
a slope of about 0.5. This is a characteristic of diffusion control. The 
other data also points to diffusion control. The wave probably will 
be suitable for analytical application. 

*********************************** 

SAQ 2.2f A substance ofinterest gave d~toawa\Te.;\V~ose 
heightwas independentQf the;heipt (lft~rilep 
cury column. The ·wavehe:ight\V~pr~potti~t1al 
to the concentration and increased With .. . 
ature by.about~5% K';';l.Wlncb;;typ~d)tli 
current wasinvolyed? . . . .. 

Response 

The effect oftemperature indicates kinetic character. The other data 
is consistent with complete kinetic control by a preceding first or
der chemical reaction. A catalytic process could not be ruled out. 
(Continued electrolysis on a very small volume at the potential of 
the upper plateau, would show whether the analyte was consumed 
or regenerated). Either way the wave would generally not be suitable 
for analytical application. 

*********************************** 
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SAQ 2.2gt~w~}VeJ1eight was found to 
;.,h~.c§l)~ntration of the an~ 
~]l~i,bt~~further found to be 

#~,t~Q!li~ciq~8l'e ..·root of the' height of 
.<~~~~Ile.tbe Qurrent during the 
·~!~~$,fou~d. to ..~proportional to 

~.:i•. ~~~tjille fr~Pl the birth of tbe 
;~ttV~i.~eiJhtiPcrea~ed by 12%. K-l 

:,·,i llg' ..~. . . e;.Wbic;h type of limiting 
'f:~c;~}1tt~Ilt~ :1n,V~ 

Response 

This doesn't exactly fit any of the diagnostic types described in this 
section does it? Real cases often cannot be classified into water-tight 
theoretical boxes. Apart from the effect of temperature this example 
would appear typical of diffusion-control. But the large increase of 
wave height with temperature could not be due to an increase in 
the diffusion rate. This alone indicates a kinetic character, although 
not of the simple type described. The high temperature coefficient 
would render the wave unsuitable for analytical application where 
high precision is required. 

*********************************** 
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SAQ 2.2h 

Response 

The log (wave-height) against log (Hg-height) plot has a slope about 
0.3, that is half-way between the value for full kinetic control, and 
full diffusion control. This most likely is a diffusion-controlled wave 
with a kinetic component. The temperature coefficient is not dras
tically high. An analytical application might be possible but with a 
distinctly reduced precision. 

*********************************** 
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SAQ 2.2i 

;at\lr~iWllat .cou:1dbe the origin of this prewave? 

tlle5~i~ p<>lar()gTaphic wave of interest was 
" ,v / s.1ll:$~lpr~wave. The height of this 

~at7i~4~p~Jfdentof the concentration 
a~atytefThe wave 'height ,of the prewave 

.,.d~~b~·propt>rtioJlar to the square root 
iti~'~eight ,<,>f mercury column while the cur

r~ilt·~.u.riqg·th;e ',' ", plifetime was found to be 
. prQ~rtioni:fI~Q'zJ~wheret is the time from 
t)Htlrof~~ drop. The height of the prewave in~ 
creased,orHy to jilslllaU extent with riSing temper

Response 

A small wave of constant height at the base of the main wave sounds 
exactly like an adsorption prewave. But remove the main wave 
and the characteristics of this small wave fulfil the conditions for 
a diffusion-controlled wave for a substance at a fixed concentration. 
This small wave is probably due to an electroactive impurity in the 
supporting electrolyte. The running of a blank on the supporting 
electrolyte would show this, unless the impurity is rendered elec
troactive only by reaction with the analyte. This example shows that 
the mercury column height or time dependency of the wave height 
should always be investigated. 

*********************************** 

SAQ 2.2j 
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Response 

Adsorption currents and capacitive currents. Both are dependent on 
the amount offreshly created surface on the growing drop. Towards 
the end of the drop lifetime the drop grows more slowly and there 
is less and less fresh surface for adsorption or requiring charge to 
reach the set voltage. Thus adsorption and capacitive currents fall 
with time. All the other currents are increased by having a larger 
electrode. A current which rises and falls during the drop lifetime 
indicates complex adsorption phenomenon such as inhibition ef
fects. 

*********************************** 

SAQ 2.2k 

Response 

Often the current falls near the pK value as the electroactive form 
protonates or deprotonates. This would, of course, cause a small loss 
in sensitivity. But far more important is the fact that the wave would 
probably develop a kinetic component and lose its reproducibility 
due to increased temperature sensitivity. 

*********************************** 

SAQ 2.3a 
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Response 

It is always a good principle to keep the standards as close as pos
sible in character to the expected samples. Also in practice, when 
the wave height is found to be independent of pH, there is in fact 
usually a small drift in the height with pH. This would not be signifi
cant from a physical chemical understanding of the mechanism, but 
would be a significant source of error in precise analysis. The limit
ing current itself might be pH independent but its measurement as 
a wave height construction could be slightly pH dependent. 

*********************************** 

SAQ 2.3b 

Response 

Of course, typically the decomposition of the supporting electrolyte 
is reduction of the hydrogen ion or oxidation or reduction of water 
or of the major ions present such as sulphate etc. Decomposition of 
water or hydrogen ion obviously involves hydrogen ion, as does the 
decomposition of many common buffer components and so the po
tential of the supporting electrolyte is pH-dependent. The cathodic 
(reduction) potentia] range available in acid is much smaller than 
in most neutral solutions. 

*********************************** 

SAQ 2.4a 

--------~---------------.--..
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Response 

The aggregation or 'clumping together' of molecules will obviously 
alter the rate of diffusion through the solution. This will usually re
sult in a lessening of the wave height. The aggregation could also 
alter the potential of the electrode process if energy were required 
to break up the aggregation before the electrolysis. This sometimes 
happens sometimes not. Aggregation will certainly disturb the cali
bration. 

*********************************** 

SAQ 2.4b 

t 

Response 

Adsorption is an equilibrium between an affinity for the surface and 
an affinity for the solution. An organic solvent by altering the state 
of solvation can often alter this balance. 

*********************************** 

SAQ 2.Sa 
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Response 

The key phrase is a method using polarography. The hydroxy group 
would alter the acid-base chemistry of the compound. This factor 
could be used in a preceding separation step, such as solvent ex
traction, to separate the two compounds. Polarography could still 
be used for the quantitative detection or determination step, and 
thus offer selective determination of both forms independently. 

*********************************** 

SAQ 2.6a 

Response 

With most metal ions the strongest available complex is always 
formed. Other weaker complexing agents will have no effect un
less present in very large excess. Of course each metal ion could 
'choose' a different complexing agent. The only complexing agents 
to interfere are those that are stronger than the one originally cho
sen. 

*********************************** 

SAQ 2.6b If tw<>metaJlic.on~nave similar half wave po
~~~~ls~s the free aqua-ion and both form .com
ple~($\Vitbai~ivencQmplexingagent, would you 
exp:ecttbet:\YQiot\stphave similar half wave po
t~qd2dsinJne pr($C:Bce of an equal excess of that 
.cQmplexinga,gentt 
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Response 

Generally no. The two aquo-ions might have similar half wave po
tentials but their complexes, with the given ligand, need not have 
the same stability constants. If they do another complexing agent 
can usually be found to separate them. Obviously if the two metal 
ions are very similar in their overall chemistry then it may be very 
difficult to find a complexing agent to separate their half wave po
tentials. 

*********************************** 

SAQ 2.7a 

Response 

The current signal depends on the rate at which the analyte reaches 
the electrode surface. Depletion means that this must come from 
further and further out, thus reducing the rate at which it reaches 
the electrode thus reducing the current signal. Stirring the solution 
reduces the depth of this depletion or diffusion zone and allows 
more rapid transport to the electrode surface, thus restoring the 
current signal. 

*********************************** 

SAQ 2.7b 
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Response 

When the voltage increases by a certain amount, a fixed increase in 
the charge density on the electrode surface must occur. If the scan 
rate is low this amount of charge is added slowly, giving rise to a 
small current. If the scan rate is fast the same charge in coulombs 
must be added in a much shorter time and so a large charging cur
rent in coulombs/second (amperes) must flow. If the scan rate is in 
terms of several volts per second this charging current is consider
able. 

*********************************** 

SAQ 2. 7cj~ff~~;al$Q ~iglJnh~reversibilhy ofan electroQe 
:,.p:r~~$beiJlve~tigated,,! . 

Response 

The variation of the half wave potential with pH also yields infor
mation about the reversibility of the electrode process (2.2). The 
slope of the plot of half wave potential against pH for a reversible 
process will be 0.059 pin V/pH unit, (n is usually 1). That is for a 
reversible process the slope will be a simple ratio or multiple of 
0.059 V. For an irreversible process the slope is given by 0.059 pan 
V/pH unit, that is no longer a simple ratio or mUltiple of 0.059 V 
since the transfer coefficient a has a value significantly less than 1. 

Note that this use of the half wave potential/pH relationship re
veals the apparent reversibility of the potential· determining step 
only while cyclic voltammetry gives information on the reversibil
ity of the overall electrolysis process. (For some compounds the 
initial potential-determining step can appear to be reversible while 
the overall process is irreversible). 

*********************************** 
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SAQ 2.7d 

Response 

Electrode products can often build up on the surface of a solid 
or stationary electrode. Species from the solution may adsorb on 
the surface. Some solid electrode materials may even develop oxide 
layers on the surface. All of these produce changes in the nature 
of the electrode and often completely distort the electrochemical 
response. By regular polishing back to a clean metal or graphite 
surface, some attempt can be made to achieve a reproducible sur
face. Better results are usually obtained from a smooth rather than 
a rough surface. 

*********************************** 

SAQ 3.2a 

Response 

Depletion, Capacitive Current. 

If you did not choose these two keywords you have not fully under
stood this section so read it carefuI1y again with these two words in 
mind. 

*********************************** 

---~--~~--
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SAQ 3.3a F'of~~~:rJlPJjf(ltjme.of 2 seconds, what fraction 
f}f :tb~~top~~~timei!>taken by the pulse? 

Response 

2.8%, hence the great reduction in the depletion of the electroactive 
species in normal pulse polarography. 

*********************************** 

. 
SAQ 3.3b Whyd()es the norma} pulse polarographic wave 

in Fig: 3.3b notdisplay the rapid current flucta
tions found wi.th the classical de wave? 

.. 

Response 

The rapid fluctuations in current with classical dc polarography oc
cur because the current is measured throughout the drop lifetime 
and increases rapidly as the drop grows but falling to zero as the 
drops falls. The fluctuations require to be reduced towards the mean 
by means of an electronic damping circuit. In normal pulse polarog
raphy the current is measured in so short a pulse that the electrode 
is almost of constant size, during the pulse, and so fluctuations due 
to growth are almost eliminated. 

*********************************** 

http:F'of~~~:rJlPJjf(ltjme.of
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SAQ 3.3c 

Response 

The drop lifetime must be kept to a chosen value. This is most 
easily done by knocking the drop off, with an electronically con
trolled hammer, after a fixed chosen time interval. The potential 
pulse signals can then be synchronised to the hammer. The natural 
drop lifetime must naturally be longer than that enforced by the 
hammer. 

*********************************** 

SAQ 3.48 SU~lllatistrinQni~en 
·Q4s,·tb~.pi;)t~n 
:l'ellt~isn~;~Sl:li# 
.pul~~<~bI'~af~pl'l:Y~; 

Response 

Normal pulse polarography - a series of very short potential pulses, 
one towards the end of each drop lifetime, rising in a linear ramp 
is imposed with the potential returning to a base value in between 
the pulses; the current is measured in an even shorter pulse towards 
the end of each of the potential pulses. 

Differential pulse polarography - on to a conventional rising linear 
voltage ramp is imposed a very short potential pulse of smalJ fixed 
amplitude, one pulse towards the end of each drop lifetime; the 
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current is measured in two even shorter pulses just before and just 
at the end of this potential pulse. 

O.K. you didn't make it in one sentence each. The idea of the ex
ercise is to make you bring it all together and by summarising fix 
the overall shape in your mind. If you left out anything mentioned 
above reread the appropriate section carefully. 

*********************************** 

SAQ 3.4h 

Response 

With todays instrumentation the only major source of noise comes 
from the electrolysis cell itself. The higher overall currents with nor
mal pulse polarography in themselves offer no advantage. This is 
because the sensitivity of the electronic components is many orders 
of magnitude better, and the noise many orders lower, than that 
of the electrolysis cell. Thus although differential pulse polarogra
phy produces a smaller signal, its better resolution of Faradaic and 
capacitive current gives it the higher sensitivity. 

*********************************** 

SAQ 3.5a 
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Response 

1 2 1 
The Ilkovic equation: Id = 708 nD 2 m"3 t b C (1.5d) 

Note that the Ilkovic equation contains a term m, the mercury 
flowrate, which reflects the growth of the drop during the measure
ment process. In contrast the Parry-Osteryoung equation contains 
a term A for the surface area of the electrode as if this were a con
stant. A is for practical purposes a constant since the growth of the 
drop is negligible during the very short pulse. 

*********************************** 

SAQ 3.Sb 

Response 

Thermodynamical reversibility in the electrochemical context is 
concerned with the kinetics or rates of the electrode reactions and 
whether the electrochemical reactions occur in equilibrium. Re
versible reactions involve a process in which forward and back (re
verse) reactions are both rapid and remain in equilibrium. The over
all reaction is a balance of forward and back. In an irreversible re
action the back reaction is far too slow to be significant and only 
the forward reaction is considered. The process occurs out of equi
librium. 

If this is too difficult to understand, do not worry about it. The 
important facts to remember are: (i) if a electrode reaction is re
ported to be irreversible the polarographic wave or peak will often 
be less well formed than for a reversible process; (ii) irreversibility 
causes classical dc and norma] pulse polarographic waves to be less 
steep but has little effect on their height; (iii) on the otherhand ir
reversibility broadens and lowers the height of the differential pulse 
polarographic peak but the area under the peak is little affected. 

*********************************** 
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SAQ 3.Se s>C:()1l1d be~,lse}d to actually measure 
t~e.4iftetential pulse peak on the 
lJ~~\lt? 

Response 

Several methods are possible. Counting of squares under the curve 
on the chart paper is one method. The accuracy would depend 
on the size of the squares. Another method would be to cut out 
the paper under the peak and weigh it. The weight of a known 
square of the same paper would give a calibration. A high qual 
ity paper of proven uniform density is required. Various mechani
cal and electronic devices exist to measure areas under curves. The 
more expensive polarographic instruments are fitted with integrating 
circuits, particularly those with built-in microprocessor interfacing. 
This does not apply to the cheaper instruments favoured in many 
laboratories, because of their cost. It is best to try several of any 
methods available and use that which gives the most reproducible 
calibration with standards. 

All the methods share a common problem - the need to identify 
the base line below the curve. One possibility is to 'run' a curve on 
a 'blank' solution containing none of the analyte, and use this as 
a baseline. However a real solution containing no analyte may not 
yield the same result as the theoretical result obtained by extrapo
lation of several curves to a theoretical zero analyte concentration. 
It is possible to extrapolate the fiat plateau on either side of the 
peak to form a baseline. But, the true baseline might not be so fiat! 
Other methods contain assumptions. It is best to try several meth
ods and use that which gives the most reproducible calibration with 
standards. This will all be dealt with later. 

*********************************** 
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SAQ 4.2a Why. WOuldtheHMJ)E~tld;~e;i>ME·.beunsult{ 
able for ··U~ insueb.fJow;Mt,m§~ . . .. ;. 

Response 

They are much too mechanically unstable. The drop can be knocked 
off far too easily. They have in fact been used in flow systems but 
great care is needed and much patience. Further it is difficult to 
construct very small cells to hold a mercury drop electrode - a major 
disadvantage. 

*********************************** 

SAQ 4.2h A 20.0 cm3 sample of effluent containsapp1'ox~ 
imatelylO-8 mold$-3 of copper ions,Afthe 
chosen electrode this generates 8boutlnAof 
current during the depositiOIl step, What. length 

abDut2%of the copper? 
of deposition time would be requiredtQctepQsit 

Response 

The number of moles of Cu2+ in the sample 

= 20.0 X 10-3 X 1O-i! 
= 2 X 10- 10 

The number of moles of Cu2+ deposited =0.02 x 2 x 10- 10 

= 4 X 10- 12 

The number of moles of electrons required = 8 X 10- 12 
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The number of coulombs required 	 = 96485 x 8 x 10- 12 

= 7.72 X 10-7 

Thus time required 7.72 x 10-7 /1 x 10-9 s 
= 772 s 
= 12.9 min 

Thus about 15 minutes deposition time would be suitable. A cur
rent of 1 nA flowing in the deposition would be extremely difficult 
to measure. It would in fact be overwhelmed by the background 
current. However during the stripping step the same number of 
coulombs 7.72 x 10-7 required to deposit the copper must pass 
in the other direction. The stripping peak is about 200 m V wide 
and at a scan rate of 200 mV S-1 this means that the same number 
of coulombs are now passed in about one second. The average cur
rent in the stripping step becomes 7.72 x 10-7 A with a peak height 
somewhere about 1 X· 10-6 A. This is very much easier to measure. 
You can see in fact that the increase in sensitivity is roughly the 
ratio of the long deposition time to the short stripping time. 

*********************************** 

SAQ 4.3a ~tti~>uS\laUyme~l1t bytbe terms anodic and 
cathodic~andwnen is an electrode an anode or 
i;~tk~d!~~c .'. ..... . 

Response 

An anodic reaction is an oxidation. A cathodic reaction is a reduc
tion. An anode is an electrode at which an oxidation reaction is 
taking place. Its potential need not have a positive value but oxi
dation occurs more easily the more positive the potential. Thus the 
anodic direction is to more positive potentials. Similarly a cathodic 
or reduction process could occur at a positive potential but as the 
electrode becomes more negative it becomes more cathodic. 

*********************************** 
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SAQ 4.3b What is meant bytbe termsJi'aradaiccurrentand 
capacitivec\lrTent? . 

Response 

A Faradaic current is Dne caused by some kind Df electrochemical 
process and is related to. species in the solution. The capacitive cur
rent is the current required to charge the electrode up to the chosen 
potential. 

*********************************** 

SAQ 4.3c Why WQuldan unstirredsolutiDn offer gre~ter .. 
reproducibilty? 

Response 

Simple undisturbed diffusion is a highly reproducible phenomenon 
and highly suitable for an analytical application. In a stirred solu
tion the movement of the solution can be highly complex and not 
always predictable. If eddies form in the stirred solution they are 
very unreproducible and must be avoided. Even in a very evenly 
stirred solution a slight displacement of the electrode can change 
the flow pattern. Reprodlicible stirring requires careful cell design 
and experimentation. The best stirring is with a rotating electrode 
in a reproducible position in the cell. 

*********************************** 
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SAQ 4.3d Convert this range of typical detection limits 
10- 10 to' 10-1} mol dm -3 to ppb for a first pe
riod transition metal (Ar = 50). 

Response 

10- 10 mol dm -3 is equivalent to 	50 x 10- 10 g dm- 3 

5 X 10-9 g dm- 3 

0.005 J.,lg dm- 3 

0.005 ppb 

Thus the limit of detection would be 0.005-0.050 ppb. This is in fact 
an almost meaningless figure since it is usually impossible to ob
tain reagents of this level of purity. The stripping voltammetric step 
often has an intrinsic sensitivity greater than that of the complete 
method of which it will be part. Of course the limit of detection in 
an individual case can vary considerably. 

*********************************** 

SAQ 4.4a How would you find out if a second metallic ion 
in the sample would cause interference by form
ing an intermeta11ic compound with the analyte? 

Response 

The literature might give a warning but ultimately this can only be 
checked by experimental trial. A number of different standard con
centrations of the analyte would be chosen. The potential interfering 
metal ion would be increased stepwise in these, to see if this altered 



268 Analytical Chemistry 

the proportionality of the calibration for the analyte or shifted its 
peak. The method would only be used where no interference was 
detected. When a method from the literature is being used, inter
ferences and levels of interference from the literature should not 
be taken on trust but tested if possible. They are not always repro
ducible in the new environment. 

*********************************** 

SAQ 4.4b In one sentence state why stripping voltammetry 
is the most sensitive of all voltammetric meth
ods? 

Response 

It is the most sensitive because it includes a preconcentration step 
in which the analyte is collected over a long period from a large 
volume and reoxidised (or re-reduced) in a short 'burst' creating an 
enhanced current signal. 

*********************************** 

SAQ 4.4c In a given electrolyte Fe(1U) gives rise to two 
dc polarographic cathodic waves. On the upper 
plateau of which. wave would the depOSition po;.. 
tential be chosen for an anodic stripingvoltam
metric determination of Fe(UI)? 

Response 

Iron(III) is reduced in two stages, first to iron(II) and then on to 
the metallic form. Depending on conditions this could occur as one 
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single wave or as two. If two waves are formed the more positive 
would be reduction to iron(II) while the more negative would be the 
reduction of this iron(lI) to the metal. The product of the first, more 
positive wave, iron(II) is soluble. Thus this wave could not be used 
for stripping voltammetry. The second, more negative, wave has a 
metallic product, therefore stripping voltammetry would employ a 
deposition potential on the upper plateau of this second wave. 

*********************************** 

SAQ 4.4d Could Fe(II) and Fe(III) be differentiated by 
stripping voltammetry in the electrolyte men
tioned. in SAO 4.4c? 

Response 

No. As iron(lI) is the product of the first wave, this first wave would 
not be present if only iron(II) were present. In a mixture of iron(II) 
and iron(IIl) the height of the first dc polarographic wave would 
give the concentration of iron(III). The second wave height would 
depend on the original iron(lI) present plus the iron(lI) formed 
by reduction of iron(III) in the first wave. That is the height of the 
second wave will give the total iron in the solution. Dc polarography 
can thus selectively determine the two species. However reduction 
at the potential of the upper plateau of the second wave will deposit 
both iron(III) and iron(II) to the metallic form and thus stripping 
voltammetry will not differentiate the two forms. The first wave does 
not yield a suitable insoluble product and cannot be used. Since dc 
polarography or differential pulse polarography could differentiate 
the two forms quantitatively, stripping voltammetry would only be 
of interest if the sensitivity of the direct polarographic methods was 
insufficient. 

*********************************** 



270 Analytical Chemistry 

SAQ 4.4e Asampleof~'iIl~~ffJ~etlt'wi~~ivf~~tp 
two 20.'0 clll~~}jiju()ts:;Gtt~~~fjb~~L;v~~ 
jeeted to I1tf ,;,A: 
sidon Gf to e~en', 
subsequentanooicSJrippfpgpeaK~ ~Qf:il~.~ ~'nits ' 
in., height o~the·chatlra~ri'\V~ f()ill\dt~ cor. 
respond to cadmium. ToJhe secoi1cl20~O em' 
~liqll,qt w~ added 0 . .1 cm3 ,.ofa s~ndard S()}u· 
tionaf 5",>< IO-Omo} <itn'"t3<of c~d.rniUlnions . 

.'This ,gav,e 3. new'anodicstrip,pingpeak , for ,cad~ 
, . .rnium of·39.S unltsullder id¢ntic~l conditions. 

Calculate th:econcentrationof cadmium ionsin 
the etlh~~nt inpp~.[flr(Cd)= 112.4] 

Response 

The number of moles of standard cadmium added 

= 0.1 X 1O~3 x 5 X lO- h 

= 5 X 10-- 10 mol 

This is responsible for the increase in peak height of 39.8 - 24.6 
units 

= 15.2 units 

Therefore one unit is equivalent to 5 x 10- J() /15.2 mol 

= 3.29 X 10- 11 mol 

The original aliquot produced a peak height of 24.6 units 

The original aliquot therefore contained 24.6 x 3.29 x 10- 11 mol 

= 8.09 x 10- 10 mol 

This was in a sample volume of 20 cm3 or 0.020 dm-3 
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The concentration of the cadmium in the sample 

= 8.09 x 1O-]()10.020 mol dm- 3 


= 4.05 x 10-1< mol dm -- 3 


The relative atomic mass of cadmium is 112.4 

The concentration of cadmium in the effluent is therefore 

= 112.4 x 4.05 x 10-1< g dm-3 


= 4.55 X 10-6 g dm- 3 


= 4.55 p.,g dm- 3 


= 4.55 ppb 


The above calculation contains two dangerous assumptions. It as
sumes a linear calibration of peak height with concentration. This 
could be checked by making several such standard additions. Jt also 
assumes that the reagent contain no cadmium traces. A blank would 
have to be run on any reagents used, to check and allow for this. 

*********************************** 

SAQ 5.2a ..• m~~~~,Jill~WetfJimitfpr ~admium ion in 
·~I:*~~illg~ater,,~~·~~059Pllb;Sriefly consider the 
··geaerali:S~lles'Q~~hifflyoQ··might base a deci
~i~;IlWhdh~rtopurchase atomic spectroscopy 
~iil\tipmentor pOlarographic equipment for the 
~etermin~on of caamiumat this level. 

Response 

It is of course impossible for you to give a complete answer to this 
question. For a start you don't have any exact information about 
the types of drinking water involved. However some points could 
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be considered. Cadmium has only one ionic oxidation state. The 
selectivity of polarographic methods to different oxidation states is 
not relevant here. In this respect the two methods are equal. A level 
of 0.050 ppb equivalent to 4 x 1O~ Hl mol dm ~3 is an extremely 
low level. Jt is too low for a direct measurement by either dif
ferential pulse polarography or flameless atomic absorption spec
troscopy. With these a preconcentration step would be necessary. 
Anodic stripping voltammetry does have a sufficiently low limit of 
detection although this would be at the limit of its range. An anodic 
stripping method would certainly be worth exploring. The rate of 
required sample throughput might well be the important factor. If 
this were high the much more rapid atomic spectroscopic method 
might be preferred. (The time per sample would of course have to 
include the time for the preconcentration step). On the other hand 
if the laboratory were short of funds the cost of the much cheaper 
polarographic equipment might be the critical factor. Of course in 
practice other measurements would have to be made by the labora
tory and these would have to be taken into consideration as well, in 
the purchase of equipment. The experience of laboratory staff would 
also be a factor. Finally the exact nature of the samples would have 
to be considered and a method carefully developed for the indi
vidual circumstances of the laboratory. The literature will contain 
many methods for this problem involving both polarography and 
atomic spectroscopy. These would have to be carefully read. 

You probably won't have thought of all of these points but you 
should have thought of some of them. The question was not designed 
to test but to provoke some thought. 

*********************************** 

SAQ S.2b 
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Response 

Most organic compounds do not form insoluble electrode products. 
Most organic compounds are soluble at these high dilution trace 
levels. Many of those organic electrode products that are insoluble 
cannot be reoxidised or reduced to form a stripping peak, or the 
insoluble layer is insufficiently coherent. The most common type of 
organic compound to which stripping analysis can be applied are 
those containing a thiol group. 

*********************************** 

SAQ 5.3a 

Response 

(i) 	 To separate the analyte from a medium in which it cannot be 
determined. 

(ii) 	 To remove potential interfering species. 

(iii) 	To separate ahd allow individual determination of electro
chemically similar analytes. 

*********************************** 

SAQ 5.3b 
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Response 

The solvent extraction system has been designed primarily to dif
ferentiate the different phenothiazine derivatives and to remove 
material that could interfere with the polarographic step. The fi
nal solutions subjected to polarography are still likely to be highly 
complex. The advantage of the polarography is that in these solu
tions the drug metabolites are the only electroactive compounds at 
these potentials. Another technique of similar sensitivity to differ
ential pulse polarography might well find the extracts contain too 
many interfering compounds. In reality the solvent extraction and 
polarographic steps are designed as an overall process with the steps 
in harmony. The polarographic step offers its own selectivity, per
haps not between the metabolites of interest, but between them as 
a class and other extracted substances. The overall selectivity of the 
method comes from both the solvent extraction and polarographic 
steps. 

*********************************** 

SAQ 5.6a What is the difference between accuracy and 
precision'? 

Response 

Precision is a measure of the random scatter of the analytical results 
about a mean value. It is a measure of the reproducibility of the 
results. It gives no information as to how far from the 'true' value the 
mean analytical value is. Accuracy is the measure of how far from 
the 'true' value the mean analytical value is. A constant difference 
between mean analytical and 'true' values is known as a systematic 
error. 

In many trace analytical problems the 'true' value may never be 
known. Ultimately in analytical chemistry something must be cho
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sen as a standard and assumed to have a 'true' value. In trace anal
ysis the search for this standard becomes more difficult as the levels 
concerned become smaller. Systematic error problems also become 
more difficult at lower concentration levels. This is a problem you 
will meet professionally. It is a matter of experience which you will 
gain in practice. 

*********************************** 

SAQ S.6b 'th~pr:epafatiQn·of a calibration plot and of a 
__ s~.rrlJ)lc;1n.~asurement involves the running of a 
~blank' .• What: a 'blank'? 

Response 

A blank is a measurement taken in the absence of the analyte. 1t 
will be taken, for example, to determine traces of the analyte (or 
material which could be mistaken for it) in the reagents used, such 
as the supporting electrolyte. This is particularly important in trace 
metal analysis. Stripping voltammetry can for example easily de
tect the metallic ion impurities present in AnalaR reagents, or even 
in distilled water. Another example is in the polarographic analy
sis of a drug, or its metabolites, in blood plasma, a suitable blank 
would be a blood plasma sample from the patient before the drug 
is administered. This would indicate if any interfering electroactive 
materials were carried across in the extraction process. A blank is 
the zero position in a calibration plot and must be determined in 
order to remove systematic errors and permit a proportional rela
tionship with concentration to be established. A problem in trace 
analysis is to produce a sample known to contain zero analyte. 

*********************************** 
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SAQ S.6c 

Response 

A general consideration of the variability of the sample matrix would 
be a guide. There is however no substitute for trying it out experi
mentally. The two calibration methods should in fact be used on a 
representative set of standard samples and both their precision and 
accuracy noted. The best technique should then be chosen. If there 
is only a small number of samples, the standard addition technique 
would often be more rapid. 

*********************************** 



Units of Measurement 


For historic reasons a number of different units of measurement 
have evolved to express quantity of the same thing. In the 1960s, 
many international scientific bodies recommended the standardisa
tion of names and symbols and the adoption universally of a coher
ent set of units-the 51 units (5ysteme lnternationale d'Unites)
based on the definition of five basic units: metre (m); kilogram (kg); 
second (s); ampere (A); mole (mol); and candela (cd). 

The earlier literature references and some of the older text books, 
naturally use the older units. Even now many practicing scientists 
have not adopted the SI unit as their working unit. It is therefore 
necessary to know of the older units and be able to interconvert 
with 51 units. 

In this series of texts 51 units are used as standard practice. However 
in areas of activity where their use has not become general practice, 
eg biologically based laboratories, the earlier defined units are used. 
This is explained in the study guide to each unit. 

Table 1 shows some symbols and abbreviations commonly used in 
analytical chemistry; Table 5 is a glossary of abbreviations used in 
this particular text. Table 2 shows some of the alternative methods 
for expressing the values of physical quantities and the relationship 
to the value in 51 units. 

More details and definition of other units may be found in the Man
ual of Symbols and Terminology for Physicochemical Quantities 
and Units, Whiffen, 1979, Pergamon Press. 
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Table 1 

A 
Ar(X) 
A 
Eor U 
G 
H 
J 
K 
K 

Ka,Kb 
Mr(X) 
N 
p 
s 
T 
V 
V 
a, a(A) 
c 
e 
g 
i 
s 
t 

bp 
fp 
mp 

< 
> 
e, exp{x) 
In x 
log x 

Symbols and Abbreviations Commonly used 
in Analytical Chemistry 

Angstrom 
relative atomic mass of X 
ampere 
energy 
Gibbs free energy (function) 
enthalpy 
joule 
kelvin (273.15 + t °C) 
equilibrium constant (with subscripts 

p, c, therm etc.) 
acid and base ionisation constants 
relative molecular mass of X 
newton (51 unit of force) 
total pressure 
standard deviation 
tern perature/K 
volume 
volt (J A-I S-I) 
activity, activity of A 
concentrationl mol dm-3 

electron 
gramme 
current 
second 
temperature I °C 

boiling point 
freezing point 
melting point 
approximately equal to 
less than 
greater than 
exponential of x 
natural logarithm of x; In x = 2.303 log x 
common logarithm of x to base 10 
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Table 2 Alternative Methods of Expressing Various 
Physical Quantities 

1. Mass (SI unit : kg) 

g = 10-3 kg 
mg = 10-3 g = 10-6 kg 
pg = 10-6 g = 10-9 kg 

2. Length (SI unit: m) 

em = 10-2 m 
A= 10- 10 m 

nm = 10-9 m = lOA 
pm =10- 12 m =: 10-2 A 

3. Volume (SI unit: m3) 

1 =dm3 = 10-3 m3 

ml = em3 = 10-6 m3 

3pI = 10-3 em

4. Concentration (SI units: mol m- 3) 

M = mol] 1 = mol dm- 3 =: 103 mol m-3 

mg 1-1 =: pg cm-3 =: ppm =: 10-3 g dm- 3 

pg g-1 =: ppm = 10-6 g g-l 
ng cm-3 = 10-6 g dm-3 


ng dm- 3 = pg cm-3 


pgg-l = ppb = 10- 12 gg-l 

mg% =: 10-2 g dm-3 


pg% = 10-5 g dm- 3 


5. Pressure (SI unit: N m-2 :.:: kg m- J s-2) 

Pa =: Nm-2 

atmos = 101 325 N m-2 

bar = 105 N m-2 

torr = mmHg = 133.322 N m-2 

6. Energy (SI unit: J :.:: kg m2 s-2) 

cal = 4.184 J 
erg = 10-7 J 
eV =: 1.602 X 10- 19 J 
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Table 3 Prefixes for 51 Units 

Fraction Prefix Symbol 

10-1 deci d 
10-2 centi c 
10-3 milli m 
10-6 micro J.l 
10-9 nano n 
10- 12 

10- 15 
pico 
femto 

p 
f 

10- 18 atto a 

Multiple Prefix Symbol 

10 deka da 
102 hecto h 
103 kilo k 
106 mega M 
109 giga G 
1012 tera T 
1015 peta P 
10 18 exa E 
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Table 4 Recommended Values of Physical Constants 

Physical constant Symbol Value 

acceleration due to 
gravity 

Avogadro constant 
g 
NA 

9.81 m 
6.02205 x 1023 mol- 1 

Boltzmann constant k 1.38066 x 10-23 J K- 1 

charge to mass ratio 
electronic charge 

elm 
e 

1.758796 x lOll C kg- 1 

1.602 19 x 10- 19 C 
Faraday constant 
gas constant 

F 
R 

9.64846 x 104 C mol- 1 

8.314 J K- 1 mol- 1 

'ice-point' 
temperature Tice 273.150 K exactly 

molar volume of idea] 
gas (stp) Vm 2.241 38 x 10-2 m3 mol- 1 

permittivity of a 
vacuum fo 8.854 188 x 10- 12 kg-I 

m-3 S4 A2 (F m- 1) 

Planck constant h 6.626 2 x 10-34 J s 
standard atmosphere 

pressure 
atomic mass unit 

p 
mu 

101 325 N m -2 exactly 
1.660566 x 10-27 kg 

speed of light in 
a vacuum c 2.997925 x 108 m s-I 
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Table 5 Glossary and Abbreviations used in 
Electrochemistry 

A area of electrode 

C coulomb 

CDL double layer capacitance 

D diffusion coefficient 

E emf 

E(X+ ,X) electrode potential of X+ X 

E(pzq potential of zero charge 

El 
'2 

half-wave potential 

F Faraday constant 

G Gibbs (free) energy function 

I current 

laIc anodic, cathodic current 

Icp Capacitive current 

Id diffusion current 

lum limiting current 

1m migration current 

J cell constant 

L Length 

Q total charge 

R resistance 

S siemens 

m flow rate of mercury (mass/time) 

n number of electrons transferred 

t time 
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t(X) 

u(X) 

z 

l± 

'rJ 

P 

w 

Other abbreviations 

AAS 

DME 

DMF 

DMSO 

transport number of X 

ionic mobility of X 

charge number of ion 

thickness of electrical double layer 

mean ionic activity coefficient 

relative permittivity 

overpotential, coefficient of viscosity 

density 

ohm 

Atomic Absorbtion Spectroscopy 

Dropping Mercury Electrode 

dimethylformamide 

dimethylsulphoxide 


