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Preface

The book Electrokinetics Across Disciplines and Continents—New Strategies for
Sustainable Development aims to discuss and deepen the knowledge about electro-

kinetic (EK) process. The EK process could be used as an integrated approach

for new strategies aiming at sustainable development and for supporting waste

strategies worldwide. The conciliation of the EK process in the recovery of

secondary resources, remediation, and conservation is a multidisciplinary, novel

approach that opens new technical possibilities for waste minimization, through the

upgradation of particulate waste products and recovery of secondary resources for

industrial, agricultural, or social use. The EK process can also be coupled with

phytoremediation and integrated with nanotechnology, enlarging the scope of its

application. This was the basis and the motivation for this work.

The insights provided in this book are mainly based on a compilation of the

works developed in the scope of ELECTROACROSS (electrokinetics across dis-
ciplines and continents: an integrated approach to finding new strategies to sus-
tainable development), an FP7 People International Research Staff Exchange

Scheme (IRSES) project.

The book is divided into five main parts: (I) Introduction and Overview of the

Process; (II) Remediation of Contaminants and Recovery of Secondary Resources

with Socio-Economical Value; (III) Conservation of Cultural Heritage and Use in

Construction Material; (IV) Modeling of the Electrokinetic Process; and (V) Cou-

pling Electrokinetic Process with Other Technologies to Enhance Performance and

Sustainability (analytical, nano-, and phytotechnologies).

The book starts with an overview of EK soil remediation followed by influence

of soil structure on EK dewatering process, EK enabled de-swelling of clay and soil

stabilization, sustainable power generation from salinity gradient energy, and

adsorption processes. The issue of phosphorus recovery in water and wastewater

treatment plants by EK is discussed, together with remediation of copper mine

tailings or as an alternative for soil and compost characterization. Life cycle

assessment of EK remediation, electro-desalination of buildings damaged by salt

weathering and incorporation of fly ashes as substitute for cement in mortar are also
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presented. A coupled reactive-transport model for EK remediation is discussed as

well as the modeling of the transport of EK and zero valent iron nanoparticles and

EK remediation of a mercury-polluted soil. The coupling of electrokinetics with

phytotechnologies for arsenic removal or with nanoremediation for organic

removal is also discussed, together with a broader range of topics regarding

phytoremediation of pharmaceuticals and personal care products or inorganic

compounds. The last part is devoted to analytical methodologies that allow detec-

tion and monitoring of contaminants in specific matrices.

We do hope you will find this book of interest, and we would like to thank all

those who contributed to it.

Caparica, Portugal Alexandra B. Ribeiro

Eduardo P. Mateus

Nazaré Couto

30 March 2015
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Part II Remediation of Contaminants and Recovery of Secondary

Resources with Socio-Economical Value

6 Electrochemical Process for Phosphorus Recovery

from Water Treatment Plants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
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Part I

Introduction and Overview of the Process



Chapter 1

Electrokinetic Soil Remediation:
An Overview

Henrik K. Hansen, Lisbeth M. Ottosen, and Alexandra B. Ribeiro

1.1 Introduction

When F. F. Reuss more than 200 years ago, in 1809, discovered that water can be

transported within a porous material by applying an electric DC field (Reuss 1809),

he had probably not thought that this finding would inspire thousands of researchers

to apply this phenomenon on a huge amount of porous materials. Several of these

materials were found to have the same basic properties as the compacted clay that

Reuss tested, and therefore the same effect has been obtained. The phenomenon that

Reuss discovered was later defined as electroosmosis.
In the 1930–1940s, L. Casagrande tested the principle of electroosmosis on real

soil in the field for the first time. He consolidated soft clays by means of an

electric current (Casagrande 1948). This is many times considered as “the starting

point” for electroosmosis as an engineering tool. During the last 50–60 years, the

electrokinetic (EK) phenomena, that occur when applying electric DC fields, have

been tried to be used in the field in solving different emerging and practical

problems. The particularity of the water transport in a DC field has led various

engineers to test this idea on problems where conventional methods have shown

their limitations and were inefficient for the purpose.
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In Table 1.1, some of these applications in full- or pilot scale are summarized, and

this again shows the variety of applications and positive results when applied electric

fields to porous media (Page and Page 2002; Virkutyte et al. 2002; Lageman

et al. 2005; Ottosen et al. 2008; Yeung 2011; Alshawabkeh 2009; Kim et al. 2012;

Gomes 2014; Symes 2012; USEPA 1997). These go from soil consolidation,

Table 1.1 Main pilot- and full‐scale applications of EK (Page and Page 2002; Virkutyte

et al. 2002; Lageman et al. 2005; Ottosen et al. 2008; Yeung 2011; Alshawabkeh 2009; Kim

et al. 2012; Gomes 2014; Symes 2012; USEPA 1997)

Year Field-/pilot-scale remediation

1936 Application to remove excess salts from alkali soils in India

1939 Application to reverse the seepage flow direction and stabilize a long railroad

cut at Salzgitter, Germany

1976 Desalination of concrete, Federal Highway Association, USA

1987 EK pilot project at former paint factory by Groningen, the Netherlands conducted

by Geokinetics International, Inc.

1991 EK remediation of soil contaminated with chlorinated solvents at Anaheim, USA,

conducted by Environmental & Technology Services

1992 Cadmium and other metals removal by EK at Woensdrecht, the Netherlands, at a

former Dutch Royal Air Force base (Geokinetics International, Inc.). This project

is considered to be the largest electrokinetic project completed worldwide (3600

cubic yard area)

1993 Electro-bioreclamation pilot project at former industrial site with diesel fuel and

aromatics at Vorden, the Netherlands

1994 Injection of chemical conditioners, Electrokinetics, Inc., US Army Waterways

Experiment Station, Vickburg, MS, USA

1994 EK was used in situ in the Old TNX Basin at the Savannah River Site in South

Carolina, USA, to remediate mercuric nitrate contamination in unsaturated soil

1995 In situ remediation of Uranium contaminated soils, Oak Ridge, K25 Facility, Oak

Ridge, TN, USA

1995 Pilot project Lasagna, Paducah Site, contaminated with TCE, Kentucky, USA

1995–1996 Removal of lead from soils in situ at Firing Range 24A located in Fort Polk, LA,

USA

1997 Electrokinetic demonstration at the unlined chromium acid pit, Sandia National

Laboratory, USA

1998 Field-scale demonstration of chromium and copper remediation, Point Mugu, CA,

USA

2005 Pilot-scale electrochemical cleanup of lead contaminated soil in a firing range,

USA

2006–2008 Quicrez Industrial Site in Fond du Lac, Wisconsin, USA. Soil contaminated with

TCE

2010 EK treatment has been used to successfully stabilize a Victorian railway

embankment in London, UK. The embankment was 9 m high with side slopes

of 22�

2011 Pilot-scale application in a rice field near a zinc refinery plant located at Jang

Hang, South Korea

2011–2012 Electroosmotic stabilization of a 7 m high failing embankment on the A21 in

Kent, UK

4 H.K. Hansen et al.



soil decontamination, soil dewatering, and densification to salt removal and

electroosmotic stabilization. The company Geokinetics International, Inc., conducted

around 13 full- and pilot-scale EK projects between 1987 and 1998 (USEPA 1997).

Small particles were also found to move in the electric field and always in

opposite direction than the electroosmotic flow. This phenomenon of particle

movement is named electrophoresis. In fact, the electrophoresis has also shown

great uses in our daily life such as in food analysis, separation and analysis of

biological samples (e.g., DNA and proteins), separation of nanoparticles and

environmental samples (e.g., pesticide and other pollutant analysis), and as a

deposition technique in ceramics processing (Dolnik 2008; Garcı́a-Ca~nas and

Cifuentes 2008; Boccaccini and Zhitomirsky 2002; Besra and Liu 2007).

During the late 1980s, a lot of focus of the leading researchers and practitioners

turned onto heavy metal removal from contaminated soil, sediments, and sludge

(Lageman et al. 2005; Yeung 2011). Again they applied an electric DC field and

discovered that contaminants were transported towards the electrodes. In the case of

heavy metal contaminated soil, electroosmosis could not contribute as the only

main reason for the heavy metal movement in the solid materials, since the metals

in most cases were present in soil solution as ions during remediation. These ions

were then migrating—mostly referred to as by electromigration—towards the

electrode of opposite their electrical charge in the DC field. The process is called

several names in the literature (Gomes 2014) such as electrokinetics, electrore-

clamation, electroremediation, and electroosmosis remediation—but in this chap-

ter, it will be referred to as electrokinetic remediation or abbreviated as EKR.

In comparison to other competing soil remediation technologies available at that

time, EKR showed several potential advantages. While the success of the technol-

ogy was sensitive to many physicochemical variables, such as cation exchange

capacity, surface charge and geochemistry, its major advantages included

(Alshawabkeh 2009):

• It could be implemented in situ with minimal soil disruption.

• It was well suited for fine-grained, heterogeneous media, where other techniques

were ineffective.

• The technology minimized the post-treatment volume of waste material.

Moreover, companies specialized in electrokinetic remediation were also

established during the period. Prominent commercial establishments working on

different applications of the process include Holland Environment BV of Doorn,

the Netherlands; Electro-Petroleum, Inc., of Wayne, PA, USA; Geokinetics

International, Inc., Palo Alto, CA, USA; and Electrokinetics, Inc., of Baton

Rouge, LA, USA (Yeung 2011).

Some of the reasons that are mentioned to explain why EKR today still is

considered as a treatment method under development and not fully developed are

related to differences between practices in the application in the field and practices

in laboratory investigation. Furthermore, it is clear that the behavior of the solid

material is different in the field than in the laboratory, and scaling up of the process

is still challenging.
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1.2 EKR: Who Is Working on It?

Today, there is still a discussion going on about who was the first in applying

electric fields for the specific aim of soil remediation. Several pioneers developed

the method independently of each other in the end of the 1980s. The most active and

consistent from that time were the following who really contributed to the devel-

opment and distribution of the method to the public.

The group of Yalcin Acar was a true pioneer in the field, and the scientific paper

by Acar, Y. B., and Alshawabkeh, A. “Principles of Electrokinetic Remediation”

published in Environmental Science and Technology (1993) is one of the earliest

complete publications about electrokinetic remediation and is still considered a

milestone in EKR. The group holds various patents on the methodology.

In the 1990s, Ronald F. Probstein introduced one of the concepts of electroki-

netic soil remediation. The basic procedure was patented and licensed to an

industrial firm for further development, and today the subject has become one

that is widely studied and applied worldwide. The idea was first published by

R. F. Probstein and R. E. Hicks in “Removal of contaminants from soils by electric

fields,” in Science (1993).

At the same time, Renout Lageman and his team were developing the concept

and using it in the field for real cleanup purposes in the Netherlands. The concept

and successful results (Electroreclamation: applications in the Netherlands) were

published in Environmental Science and Technology—another paper today con-

sidered as a milestone of EKR (Lageman and Pool 1993).

Later, during the 1990, research groups were created all over the world. Even if

several of the early EKR groups are not active in the field anymore and have

switched to other topics of interest, it is important to mention the groups that are

still active in applying EKR after decade-long research and development invest-

ment in the process—maybe not only to soils but to a diversity of different solid

waste products or as a tool to solve an emerging environmental problem. These

groups have always been active to promote their results publically.

At Lehigh University, Bethlehem, PA, USA, the group headed by Sibel

Pamukcu has been conducting leading research on electrochemical processing of

soil and groundwater. Especially, new focus has been based on the application of

direct current electric field for enhanced recovery of oil, and for in situ destruction

of contaminants through enhanced redox in clay-rich soils and rock formations.

At Northeastern University, Boston, USA, the group headed by Akram

Alshawabkeh has been involved with EKR since the very early days of the

application of the method, and therefore plays a significant and important role in

the development of the process—especially on field application and theoretical

understand of the ongoing processes during the treatment.

At University of Illinois, Chicago, USA, the group headed by Krishna R. Reddy

has participated in the field since the 1990s, plays a role as one of the scientific front

leaders of EKR in the development of the process in geological and environmental

engineering, and has an extended experience in application of the method in

the field.
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At the Technical University of Denmark, the research group headed by Lisbeth

M. Ottosen has for decades been developing the method to deal not only with soil

contamination but a variety of solid waste normally deposited in safe landfills as

hazardous waste. The group has several patents on their developments and is also

applying the method to salt extraction from building materials, phosphorus recov-

ery from wastewater treatment sludge and sludge ash, municipal solid waste

incineration ashes, soil remediation, and monument restoration.

At Universidad de Malaga, Spain, the research group headed by José Rodriguéz-

Maroto has been investigating the different processes occurring during EKR and

been modeling the process—not only for soil but different waste materials.

The understanding of the complex characteristics of the contaminated matrix has

been their main target resulting in important findings for the academic society and

field applications.

At Universidade Nova de Lisboa, Portugal, the group headed by Alexandra

B. Ribeiro has, since the late 1990s, focused on specific environmental topics

with urgent importance within the European Union such as chromated copper

arsenate-treated and creosote-treated timber waste, herbicide removal, pharmaceu-

tical and personal care products and other emerging organic contaminants from soil

and wastewater, sewage sludge and phosphorus removal, nanofiltration concen-

trates—phosphorus recovery and microcystins degradation, in line with the devel-

opment of new analytical technologies.

At Chonbuk National University in Jeonju, South Korea, the group headed by

Kitae Baek started early 2000 and has by now settled as a leading EKR research

group in Asia. Several field- and pilot-scale studies by this group have demonstrated

its capacity to perform an adequate scaling up of the process.

1.3 Scientific Advances in EKR

In general, the pioneers of electrokinetic remediation from the end of 1980 were

mostly from the USA. An important milestone was the Workshop on Electrokinetic

Treatment and Its Applications in Environmental-Geotechnical Engineering for

Hazardous Waste Site Remediation held in Seattle, WA, USA in 1986, which in

the USA is considered as a starting point for EK (Yeung 2011). In this workshop,

the state-of-understanding of the fundamentals and mechanisms of electrokinetics

in migrating fluid and chemicals in soil and potential applications of electrokinetics

for remediation of hazardous waste sites were summarized in by leading USA

researchers and university professors such as James K. Mitchell of the University of

California at Berkeley, Donald H. Gray of the University of Michigan at Ann Arbor

and Harold W. Olsen of the U.S. Geological Survey, Ronald F. Probstein and

Patricia C. Renaud of the Massachusetts Institute of Technology, John

F. Ferguson of the University of Washington, and Burton A. Segall of the Univer-

sity of Massachusetts at Lowell.
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Journal of Hazardous Materials, in its volume 55 (issues 1–3) of 1997, dedicated

these issues to the Yalcin Acar—one of the pioneers the EKR field that died

tragically in a car accident. In this volume, named Electrochemical Decontamina-

tion of Soil and Water, a series of EKR-related manuscripts were gathered from

experts in the field, mostly from the North America continent. Therefore, this

special volume can be considered as an important early scientific contribution to

the understanding and distribution of fundamental findings using EKR for polluted

soil and ground water.

In 1997, École Nationale Supérieure des Mines d’Albi-Carmaux in the southern

France, invited researchers worldwide to the first known European symposium on

the specific topic of electrokinetic remediation. Here for the first time, leading EKR

researchers and practitioners could present and discuss findings and problems with

the technique. The success and need of this event was so evident that in the

following decades a series of symposia have been arranged to follow up—as the

later defined EREM symposia. In most cases, the results from the conferences

have been published in scientific journals open for the general public. The latest in

the series, EREM 2014 was hosted in Malaga, Spain in 2014, confirmed the world

spread interest of electrokinetic processes, counting with participants from all

continents of the world.

Several scientific textbooks and handbooks on soil contamination and remedia-

tion, environmental restoration methods, and environmental engineering were

published early 2000, where chapters or parts were dedicated to EKR. As examples

one can mention: “Remediation Engineering of Contaminated Soils” edited by

Wise et al. (2000), “Environmental Restoration of Metals-Contaminated Soil”

edited by Iskanda (2000), “Geoenvironmental Engineering: Site Remediation,

Waste Containment, and Emerging Waste Management Technologies” by Sharma

and Reddy (2004), “Trace Elements in the Environment. Biogeochemistry,

Biotechnology, and Bioremediation” edited by Prasad et al. (2006).

In 2009, K. R. Reddy and C. Cameselle edited what is known to be the first

scientific book entirely addressed to EKR with the title “Electrochemical Remedi-

ation Technologies for Polluted Soils, Sediments and Groundwater”—covering a

wide range of aspects during the use of electric fields applied to porous contaminated

media to remove contaminants such as heavy metals, radionuclides, herbicides,

polycyclic aromatic hydrocarbons, chlorinated organic compounds, and mixed

contaminants. In this book, a variety of the world‘s leading scientists, engineers,

and decisions makers within the field of EKR have contributed with their knowledge

and expertise. With time, this book could be expected to be one of many of the

necessary building stones in the further development of this method and technology.

In 2011, a consortium of a number of important research institutions introduced

the project “Electrokinetics across disciplines and continents: an integrated app-

roach to finding new strategies to sustainable development (ELECTROACROSS).”

This EU-financed project coordinated by Dr. A. B. Ribeiro from the UNL group has

the main objective to conciliate of the electrokinetic transport processes in the

recovery of secondary resources, remediation, and conservation as a multidis-

ciplinary novel approach that opens new technical possibilities for waste
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minimization, through upgrading of particulate waste products and the recovery of

secondary resources for industrial, agricultural, or social use. This objective is

achieved mainly through knowledge transfer activities, among a network of

European and other continents centers of excellence, and ELECTROACROSS

may be one way to help with the difficult integration of different scientific and

practical fields to develop the EK process for the better of the environment.

1.4 EKR: Theoretical Aspects

In this chapter, the basic transport phenomena and reactions in soil during EKR will

be summarized. It is not the objective to perform a thorough theoretical analysis—

this has been done elsewhere in the literature and therefore one can refer to those

works (Ottosen et al. 2008; Yeung 2011; Alshawabkeh 2009; Wise et al. 2000;

Iskanda 2000; Sharma and Reddy 2004; Prasad et al. 2006; Reddy and Cameselle

2009). In this book chapter, only a basic introduction is given.

EKR uses an electric DC field with potential gradients around 1 V/cm between

working electrodes—creating current densities of the order of milliamps per square

centimeter applied to the cross-sectional area of soil mass between the electrodes

(Prasad et al. 2006; Reddy and Cameselle 2009). The main interest of EK soil

remediation in environmental cleanup operations lies in an attempt to concentrate

and confine contaminants close to an electrode and remove them if possible.

Inorganic contaminants will be transported as ions with electromigration, and

organic contaminants and uncharged species of inorganic contaminants will be

transported be electroosmosis towards the electrodes.

The principle in a classic EKR setup can be seen in Fig. 1.1. The contaminated

soil—or other waste—is typically placed in the middle between electrodes sepa-

rated physically from the soil in different manners ((I) and (II)). The cathode and

anode are then connected to an external DC power supply. Ions present in the soil

solution would then carry the current between the anode and cathode. When the

contaminants are present in ionic form (e.g., Cr3+, Pb2+, or Cu2+ in Fig. 1.1), then

Fig. 1.1 General principle of an EKR setup
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the electric field would transport them to the electrode of opposite charge, and they

can be recovered or removed from the electrolyte solutions. The electrode

reactions, which convert the electric DC field applied with the external electric

circuit to ionic transport in the porous materials, are of course of crucial importance

for the EKR process.

In most cases, the electrode processes are electrolysis of water—at the cathode

resulting in hydrogen gas and OH� generation and at the anode oxygen and H+

production. Other cathode reactions used or observed in EKR are reduction of metal

cations—such as Cu2+ + 2e�!Cu, or Fe3+ + e�! Fe2+. Competing anode reac-

tions could be or Fe2+! Fe3+ + e�, or even chlorine production when treating very

saline soils or waste materials (2Cl�! 2e�+Cl2). In the case of water electrolysis,

the electrode reactions would generate H+ and OH� (see Fig. 1.1), which would

penetrate the soil from each side. Several times (Alshawabkeh 2009; Yeung 2011)

it has been found that this created an acid front moving from the anode towards the

cathode—dissolving important amounts of contaminants from the soil. On the other

hand, the alkaline front generated from the cathode towards the anode would

precipitate the ionic contaminants such as heavy metals as hydroxides within the

soil matrix. The result was that the electrical resistance increased drastically and

the remediation process nearly stopped. In order to avoid the unwanted alkaline

front to form, different solutions have been suggested such as pH control in the

cathode compartment (Ho Lee and Yang 2000) or use of ion exchange membranes

(Hansen et al. 1999).

When a voltage is applied across a fine-porous material, the electromigration

results in a water movement towards the positive or negative electrode dependent

on the overall surface charge of the porous material. Both counter- and co-ions will

move towards the electrode of opposite charge. Since the counter-ions are in excess to

the co-ions in the electric double layer, a net flow of ions across the electrode of

opposite sign compared to the surfaces of the porous material will occur, and water

molecules are pushed or dragged towards the electrode together with the counter-ions.

The amount of water moved per ion is very large compared to the hydration numbers

and electroosmosis is more than transport of hydration water (Ottosen et al. 2008).

Under normal operating conditions, soil pores have negatively charged surfaces,

and there will then be a net flow of cations towards the cathode compared to the

flow of anions. This causes then the water to be dragged along towards the cathode.

While electromigration occurs in all moist, porous materials in an applied electric

field, electroosmosis is only significant in materials with fine pores. Further,

electroosmosis is most significant when the ion concentration in the pore water

outside the electric double layer is low.

Another electrokinetic phenomenon that has been observed during electrokinetic

soil remediation is electrophoresis. Electrophoresis is the transport of small charged

particles in a stationary liquid in an applied electric field (Ottosen et al. 2008).

Traditionally, electrophoresis is neglected in porous media, though colloidal parti-

cles may be transported in pores with a larger diameter than the particle. That small

particles can move in capillaries is known from the technique of capillary electro-

phoresis, which is a method designed to separate species based on their size to
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charge ratio. In a porous material, the pores are seldom straight and electrophoretic

transport will not happen over long distances due to the tortuosity of the pores.

Most porous materials (e.g., ion-exchange membranes, clays, concretes) carry a

surface charge and have in common the presence of pores with unbalanced charges

and corresponding unbound ions (Marry et al. 2003). The charged surfaces are

counterbalanced by ions of opposite sign in the diffuse electric double layer. Ions in

the solution with the same sign as the charged surface are co-ions and they are

represented to a much lesser extent in the electric double layers than the counter-

ions. Charge balance is always maintained throughout the system at all times, the

porous media and electrolyte system must be electrically neutral. Charges cannot

be added to, formed in, or removed from the system without addition, formation or

removal of an equal number of the opposite charge. The electric current can be

carried by ions in the electric double layer and by the ions dissolved in the brine,

with rather different characteristics (Pengra and Wong 1996). Unlike in solutions,

the ions in a porous material are not able to move by electromigration directly to the

opposite pole by the shortest route. Instead, they have to find their way along the

tortuous pores and around the particles or air filled voids that block the direct path.

Moreover, the ions can be transported only in continuous pores, but not in closed

ones and ions are only transported in the liquid phase. The electromigration rate of

ions in the porous media depends on the pore volume, geometry, and the water

content. Charged porous media are filled at least by counterions and often water and

occasionally co-ions. The dynamic of counter-ions, water molecules, and co-ions

depend strongly on the water content of the medium. For very compacted media,

the water content is low and the ions are slowed down. For less compacted media,

the dynamics of inserted water and counter-ions tend towards that in bulk solution.

The last transport phenomena during EKR that are not considered as important as

the ones mentioned above are diffusion and advection. Diffusion is the movement of

species under a chemical concentration gradient. Under normal EKR operation

conditions, chemical gradients are typically not so high but in the narrow zone

where the acid and basic fronts are to meet is an example, where diffusion becomes

important. Advection by hydraulic gradients is not an important contribution to global

transport (Prasad et al. 2006). However, one of the applications of EKR treatment is to

act as a reactive barrier to avoid the advance of contaminants into groundwater, and

here hydraulic gradients convert in a driving force to the movement of water.

Next to transport processes, several other processes occur within the porous

material during application of the electric field: ion exchange, complexation, desorp-

tion/adsorption, dissolution/precipitation, degradation, pH changes, redox changes,

phase changes, and structural changes (Ottosen et al. 2008; Yeung 2011; Prasad

et al. 2006; Guedes et al. 2014). Many of these are related, e.g., when the pH in the

soil during EKR drops due to the arrival of the acid front, metals precipitated as

carbonates or oxides can dissolve andmove in the electric field. Again, ion exchange

and complexation are strongly affected by the pH, and the adsorption capacity of

humus and clays—typically present in natural soil—depends on pH too. Redox

changes occur when oxidants or reducing agents are transported with the electric

field, and these can also affect dissolution or precipitation of different species.
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1.5 Practical Application Versus Academical Research

In early days of EKR (late 1980s–beginning 1990s), the practical application of

EKR in the field dominated scientific research on the topic. Several field projects

were carried out—especially in the USA (Superfund program) as indicated in

Table 1.1. The competition and potential market for EKR in those days were

interesting, and several patents on different concepts, setups, detailed equipment,

and EKR remediation conditions were accepted. This can be seen from Fig. 1.2,

where the number of US patents (obtained from The United States Patent and

Trademark Office (USPTO)) including the words “electrokinetic soil remediation”

is given for different years. As can be seen, the number of patents is high in the

1990s and early 2000 but is decreasing further into the new millennium, and around

2010 the numbers is less than 50 % of the numbers during the 1990s.

On the other hand, the scientific interest of EK is continuously increasing in the

latest years. Making a similar search as with patents, one can search the Thomson

Reuters Web of Science (Thomson Reuters Web of Science) to find the number of

publications including the words “electrokinetic soil remediation” in the abstract,

keywords, or topic. With this information, Fig. 1.3 is obtained, showing the number

of journal publications for different years. The tendency shows an increasing

number with time—in contrast to the dropping number of patents. Figure 1.4

shows where the publications are generated. This figure confirms the tendency

that North America researchers were very active during the 1990s; but in recent

years, other continents are becoming leaders in research on the electrokinetic soil

remediation. Looking into details of the manuscripts, especially since 2009, the

number of publications from Asia is passing the number of publications from the

rest of the world combined.

Fig. 1.2 Number of US patents on “electrokinetic soil remediation” from 1993 to 24th of

September 2014 [Based on data published in (USPTO)]
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Fig. 1.3 Number of scientific publications on “electrokinetic soil remediation” registered by

Thomson Reuters Web of Science from 1991 until 24th September 2014 (based on data published

in Thomson Reuters Web of Science)

Fig. 1.4 Origin of publications on “electrokinetic soil remediation” registered by Thomson

Reuters Web of Science from 1993 until 24th September 2014. Continent of corresponding author.

The percentage of the total number of publications from each continent is shown (based on data

published in (Thomson Reuters Web of Science))
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So this leaves some questions behind: Is EKR becoming an exclusively scientific

treatment method? Or are the perfect practical setups already developed? Is Asia

the future of EKR? Does this steep increase in the number of scientific publications

really mean that the publications have an impact?

At least the last question can partly be answered by a simply study on how many

times EKR publications are cited. Taking the special issues dedicated to the earlier

mentioned EREM symposia and using Thomson Reuters Web of Science to find out

how many times the manuscripts are cited, Table 1.2 can be constructed showing

year of publication (EREM), number of publications, number of total citations, and

number of citations per year. From this table it can be deducted that the scientific

papers do have an impact on the scientific level. An average citation ratio of around

twice a year is considerably high compared to typical average values given by

Thomson Reuters (Thomson Reuters’ Essential Science Indicators database), e.g.,

publications within the scientific area of “engineering” with around one citation per

year (Thomson Reuters Essential Science Indicators). Here, one should mention

that some papers in the special editions are cited much more than others and

therefore have a higher weight in the citation ratio. Furthermore, the numbers for

last couple of EREM special issues should be taken with care since they were only

published a few years ago.

Table 1.2 EREM symposia special editions

Symposia Journal

Number

of

research

papers

Total

number

of

citations

Total

number of

citations

per paper

Citations/

(paper·year)a

EREM2003,

Mol,

Belgium

Engineering Geology,

Volume 77, Issue 3–4,

2005

16 316 19.8 2.2

EREM2005,

Ferrara, Italy

Electrochimica Acta,

Volume 52, Issue 10, 2007

18 295 16.4 2.3

EREM2007,

Vigo, Spain

Journal of Environmental

Science and Health,

Part A, Volume 43, Issue

8, 2008

24 142 5.9 1.0

EREM2008,

Seoul, South

Korea

Separation Science and

Technology, Volume

44, Issue 10, 2009

18 163 9.1 1.8

EREM2009,

Lisbon,

Portugal

Journal of Applied

Electrochemistry, Volume

40, Issue 6, 2010

27 123 4.6 1.1

EREM2010,

Kaohsiung,

Taiwan

Separation and Purifica-

tion Technology, Volume

79, Issue 2, 2011

24 196 8.2 2.7

EREM2011,

Utrecht, The

Netherlands

Electrochimica Acta,

Volume 86, 2012

29 59 2.0 1.0

Number of manuscripts and number of total and yearly citations. (Data obtained from Thomson

Reuters Web of Science, September 24th, 2014.)
aTotal number of citations per year divided by (2014—publication year)
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1.6 EKR Tendencies

Another reason for the increasing number of scientific publications is due to the fact

that researchers are somehow turning away from the classic EKR setup and soil as

the waste product. Several new EKR concepts are under development and several

new waste materials are tested.

Some general rules or conditions have to be fulfilled to use EK in the classical

manner meaning applying a DC field to a wet solid matrix with defined porous

characteristics can be listed (Virkutyte et al. 2002; Ottosen et al. 2008). These are

mainly:

• Fine porous materials.

• Low hydraulic conductivity.

• Water-soluble contaminants if there are any poorly soluble contaminants, it may

be essential to add solubility-enhancing reagents.

• Relatively low concentrations of ionic materials in the water.

This has led to research and development of the EK process applied to waste

products and environmental problems such as (Kirkelund et al. 2013; Ferreira

et al. 2005; Pazos et al. 2010; Jakobsen et al. 2004; Kim et al. 2011; Hansen

et al. 2005; Gomes et al. 2014; Pedersen 2014):

1. Fly ash and gas cleaning residues from municipal solid waste incineration

2. Fly ash from biomass combustion

3. Sewage sludge

4. Fly ash from sewage sludge incineration

5. Mine tailings

6. Harbor sediments

7. Marine dredging

8. PCB or TBT contaminated soil

Lately, enhancements of the EK process have been suggested such as (Kirkelund

et al. 2013; Cang et al. 2013; Velizarova et al. 2004; Ribeiro et al. 2000; Ottosen

et al. 2005; Nystroem et al. 2006; Saichek and Reddy 2003; Rojo et al. 2012;

Hansen and Rojo 2007; Gomes et al. 2014):

1. Use of pH control.

2. Treatment of waste products in slurries/suspensions with continuous agitation.

3. Adding or complexing agents (in the case of heavy metals).

4. Use of desorbing agents.

5. Adding of surfactants (in the case of organic contaminants).

6. Adding of oxidants/reducing agents to change oxidation state of contaminants

and increase their mobility.

7. Use of pulsed and/or alternating current.

Also recently, EK has been combined or coupled with several other remediation

technologies such as nanofiltration, nano particles, soil washing, bioremediation,
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chemical oxidation or reduction-based methods, permeable reactive barriers, and

phytoremediation in order to create a more widespread remediation solution for

complex problems (Couto et al. 2013, 2015; Gomes et al. 2012).

Even if this EKR overview is addressed to the environmental issues of the

electrokinetic phenomena, it is worth mentioning the potential for EKR in related

areas—such as civil engineering. Some of the processes where electromigration is

utilized in civil engineering (Ottosen et al. 2008) are:

• Removal of chloride from concrete (desalination). Chloride ions are removed

from otherwise sound concrete to stop or to hinder reinforcement corrosion.

• Re-alkalization of carbonated concrete. Re-alkalization is used for carbonated

reinforced concrete structures and the purpose is the re-establishment of alka-

linity around the reinforcement and in the cover zone to protect the reinforce-

ment against corrosion.

• Crack closure in concrete. Concrete with cracks is vulnerable to penetration of

water and chlorides. In this method, filling of cracks occurs with compounds as,

e.g., CaCO3 and Mg(OH)2, where the necessary ions are supplied by

electromigration. The method is primarily used for marine structures.

• Injection of organic corrosion inhibitors into concrete. Increase in penetration

rate of corrosion inhibitors (as amino compounds that undergo protonation to

form cationic species in solution) with electromigration.

• Re-impregnation of wood in structures. Wood in constructions attacked by

decay is either replaced with new wood or a wood preservative (most often

boron compounds) can be sprayed on the surface. In the latter case, the diffusion

of boron into the wood is slow but the transport rate can be increased if the main

transport mechanism is electromigration instead of diffusion.

• Removal of salts from brick masonry. Salts are removed from masonry that is

suffering from salt weathering (a process that is caused by high salt concentra-

tions) in an applied electric field.

The referred EKR in related areas are just some, being difficult, if not impossi-

ble, to conclude “where do we go now?” once EKR applications continue to

emerge.
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Chapter 2

Soil Structure Influence on Electrokinetic
Dewatering Process

Vikas Gingine and Rafaela Cardoso

2.1 Introduction

The control of water content or water movement in soils is fundamental not only to

ensure some desired characteristics but also for different applications, such as

consolidation, dewatering, conditioning, and decontamination. In case of consoli-

dation, water is removed mainly in soft clayey soils to improve their stiffness and

strength. Dewatering is done mainly in mining sludge to reduce water content and

therefore the storage volume is reduced and disposal can be done in landfill because

it is no longer in the liquid phase. Conditioning consists in controlling the water

amount and composition in the soil, and is done to promote certain chemical and

bacterial activities (biocement or bioremediation) because oxygen availability

increases and heat may be generated. In case of decontamination, water movement

is done by flushing water through the soil aiming to mobilize certain contaminants

or to inject chemical treatment.

Electrokinetic treatment (EKT) promotes water movement in soils under elec-

trical gradients and therefore it can be used in these applications. There are several

examples in the literature concerning the use of EKT in Geotechnical and Envi-

ronmental engineering practice. For example, EKT was used for strengthening of

foundations like skirted foundation and caisson anchors embedded in marine clay

and offshore calcareous sand (Micic et al. 2001; Rittirong 2008). Researchers have

been working to prove the efficiency of the EKT remediation in in situ remediation

of low-permeability and heterogeneous soils that have been contaminated by ionic

species, organics, heavy metals, radionuclides, or a combination of these contam-

inants (Acar et al. 1993; Reddy 2010; Gabrieli and Alshawabkeh 2010). This

technique was investigated also for precise permeability estimations of low
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permeability rocks without applying any fluid pressure gradient (Pengra

et al. 1999). Electrokinetic geosynthetics (EKG) were developed for combining

the functions of geosynthetics, such as drainage, reinforcement, and filtration, with

electroosmosis to perform in situ dewatering of sewage sludge lagoons (Walker and

Glendinning 2002) or for belt press dewatering of mining sludge (Lamont-Black

et al. 2006).

Concerning economic benefits, the use of EKG permits wastes to be solidified

prior to disposal. In the case of lagooned wastes, this means that these features can

be remediated at a viable cost with the additional benefit of releasing brown field

land for development. In the mining industry, the use of electrokinetic dewatering

of tailings produces water recovery and a major reduction in the carbon footprint of

mining operations, both of which are growing priorities. In terms of waste reduction

and efficiency, full-scale field trials have shown that the invention of geosynthetics

incorporating EKT has meant very efficient utilization of electrokinetic functions

and cost reductions (Jones et al. 2006).

EKT has some advantages over the cases when water movement is caused by

hydraulic gradients, namely when the coefficient of hydraulic conductivity of the

soils is very low and the chemical nature of the percolating fluid and its interaction

with the percolated medium is relevant. Jones et al. (2006) synthesized the main

proprieties of soils which would help determine the usefulness of EKT (Table 2.1).

Basically, they refer to fine soils and are as follows: Atterberg limits, in situ water

content, percentage of fines (material with diameter D< 0.075 mm) and organic

content, saturated hydraulic permeability and electrical conductivity, undrained

shear strength, oedometer modulus or confined stiffness, and coefficient of consol-

idation. However, it is most common to consider that EKT can be more efficient in

soils where their coefficient of hydraulic conductivity, kh, is equal or smaller than

the coefficient of electroosmotic permeability, ke, as shown in Table 2.2 (materials

organized from more to less suitable for using EKT). For this reason, clayey soils

are the kind of materials for which the use of EKT is advantageous.

There are several studies focused on the electrical properties of clays. Indeed,

due to the small size of clay particles, their behavior is ruled by the interactive

electrochemical forces rather than the gravity forces. Their natural negative

Table 2.1 Main soil properties for EKT suitability (adapted from Jones et al. (2006))

Property Range of values

Plasticity index 5–30 %

In situ water content 0.6–1.0 liquid limit

Percentage of material with diameter D< 0.075 mm >50 %

Organic content <10

Hydraulic conductivity <10�8 m/s

Electrical conductivity 0.05–0.005 S/m

Undrained shear strength <55 kPa

Oedometric modulus 0.3–1.5 MPa

Coefficient of consolidation <1.5� 10�6 m2/s
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electrical charge at the particles surface, forming a double layer, explains water

sensitivity and osmotic effects. A proof of this is the fact that EKT with/without

chemicals introduces a significant change in the consistency limits of some expan-

sive clayey soils (Jayasekera and Hall 2007; Abdullah and Al-Abadi 2010; Gingine

et al. 2013). Moreover, the existence of electrochemical forces between the parti-

cles interacting with water molecules generates attraction/repulsion forces, there-

fore explaining the different structures (arrangement of particles) found when

clayey materials are compacted with different energies and with different water

contents (Lambe 1958; Sivakumar and Wheeler 2000).

Soil structure is determinant for the mechanical properties of soils, stiffness, and

strength and can be quantified by means of voids ratio. Voids ratio decreases when

there is a mechanical load in soils through the dissipation of pore pressures and the

consequent increment of effective stresses. The coefficient of hydraulic conductiv-

ity also depends on voids ratio, as well as volume changes measured on wetting. As

changes in water content also cause deformations in soils, such as shrinkage on

drying, or swelling or collapse on wetting, hence hydraulic and mechanical behav-

ior are coupled. When the mineralogical properties of soils or the composition of

the percolating fluid influence the amplitude of the deformations, there is a chem-

ical interaction and therefore coupled chemo-hydro-mechanical behavior needs to

be considered. If water flow is achieved by applying an electrical gradient, then a

coupled electro-hydro-mechanical analysis must be performed. Despite the com-

plex phenomena like heat generated by the electrodes, evolution of gases, precip-

itation of the metal (electrode) oxides, and other chemical changes, different

theoretical models have been developed considering various parameters and elec-

trical properties of the soil (Alshawabkeh and Acar 1996; Ribeiro and Mexia 1997).

The basic phenomena of electroosmotic consolidation and decontamination are so

far well understood but the unpredictable reactions make the theory more complex.

The analysis of such models is out of the scope of this chapter.

Table 2.2 Typical values for the coefficients of hydraulic and electroosmotic permeability

(adapted from Mitchell and Soga (2005))

Material Water content (%)

ke� 10�9

(m2/V/s)

kh� 10�9

(m/s) kh/ke

London clay 52.3 5.8 0.1 0.02

Boston blue clay 50.8 5.1 0.1 0.02

Silty clay 32.0 3.0–6.0 0.12–0.65 0.02–0.22

Quick clay 31.0 2.0–2.5 0.2 0.08–0.10

Bootlegger clove clay 30.0 2.4–5.0 0.2 0.04–0.08

Kaolin 67.7 5.7 1.0 0.18

Rock flour 27.2 4.5 1.0 0.22

Clayey silt 31.7 5.0 10.0 2.00

Mica powder 49.7 6.9 100.0 14.5

Fine sand 26.0 4.1 1000.0 244

Quartz powder 26.5 4.3 1000.0 233
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In this chapter, the equations used to describe EK processes in the soil from a

geotechnical point of view are reviewed emphasizing the electro-hydraulic coupled

behavior and how it is affected by soil structure. The results from tests performed

on samples of white kaolin compacted with known structure are presented as an

example. The main purpose of the experimental study was to study the effect of soil

structure in its hydraulic, electrical, and electroosmotic conductivities. The results

showing changes in these conductivities are interpreted considering the existence of

two types of voids, the microvoids of the clay aggregates and the macrovoids

between these aggregates, and identifying the dominant pore size for each

phenomenon.

2.2 Some Theoretical Concepts

Some basic concepts of EKT are explained below and focused on the use of this

technique for soil dewatering. Some concepts of soil structure generated by com-

paction processes are reviewed emphasizing on how this physical property influ-

ences the hydraulic and electrical properties.

2.2.1 Electrokinetic Processes in Soils

Electrokinetics refers to the relationship between electrical potential and the move-

ment of water and charged particles. Under a DC voltage water flows by electro-

osmosis from the anode (+) to the cathode (�) as long as the voltage gradient is kept

constant (Fig. 2.1). Electrophoresis (movement of charged colloids) and

electromigration (movement of ions) also occur, along with water electrolysis,

heat generation, and REDOX reactions; however, they are not as relevant as

electroosmosis for saturated soils.

Electroosmotic efficiency is defined as the quantity of water moved per unit of

electricity. EK process is more efficient for porous-saturated materials, i.e., when

the pores are completely filled with fluid, generally water. The soils for which

electrokinetics is more efficient are those having clay minerals with low cation

exchange capacity (CEC), low valency exchange cations, high surface charge

density, and high surface area. These are the characteristics of clayey soils; how-

ever, electroosmotic flow has been observed in other materials, for example in

quartz powder, rock flour, and several types of sludge (ochre and alum,

humic, anaerobic digested, surplus activated and primary) (Jones et al. 2004).

In all cases, it is assumed the solid particles in suspension are treated as colloids

because of their smaller size (less than 2 μm) and electrostatic forces prevail instead

of gravitational forces.

As well known and presented schematically in Fig. 2.1, water forms a boundary

layer in the surface of the charged particles, named as double layer because it has an
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inner immobile zone (Stern layer) and an outer mobile zone. The electrical potential

at the junction between these layers is the zeta potential. It is generally expressed in

mV and is determined by the phenomenon of electrophoresis, which is the move-

ment of the charged colloids under a given electric field. Electrostatic forces at the

surface of the Stern layer drag positively charged cations with their surrounding

water molecules towards the negatively charged cathode.

Different theories, like the Schmid theory, the Spiegler friction model, the ion

hydration model, and the Gray–Mitchell approach, have been proposed to quantify

the coefficient of electroosmotic conductivity on the basis of different assumptions of

ion distribution in the pore fluid (Mitchell and Soga 2005). However, the Helmholtz-

Smoluchowski theory is most commonly used and hence is described below.

Accordingly with Helmholtz-Smoluchowski theory, the rate of this water flow is

controlled by the balance between the electrical forces causing water movement and

frictional forces retardingwater movement. In this case, zeta potential ζ is defined by

ζ ¼ ηu

εTεoE
ð2:1Þ

where u is the velocity of the particle, E is the electrical field, η is the fluid viscosity,
εT is the relative permittivity of the pore fluid, and εo is the permittivity of free

space. This potential can be used to compute the coefficient of electroosmotic

permeability ke

ke ¼ � εwnζ

μτ
ð2:2Þ

where εw is the permittivity of pore water (εw¼ 80 F/m for pure water), τ is

tortuosity (τ¼ 0.25 is a typical value), n is the porosity of medium, and μ is the

Fig. 2.1 Double layer in clays and electrokinetic processes
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dynamic viscosity of water (μ¼ 10�3 N s/m2) (Kaya and Yukselen 2005). The

negative value of zeta potential indicates positive rate of electroosmotic flow and,

therefore, higher the ke, higher is the rate of electrokinetic consolidation, and the

dewatering of the soil.

In past studies it was observed that, for soft soils, the effect of the amount of

concentration of the colloids in the solution on the measurement of the zeta

potential is almost constant for the values above 100 mg/L (Kaya and Yukselen

2003). For these kinds of soils, this confirms that ke will depend mainly on soil

porosity and fluid properties. Concerning porosity, the higher its value the higher

will be the coefficient of electroosmotic permeability (Segall and Bruell 1992;

Gabrieli et al. 2008) as mobility increases. Concerning fluid properties, the coeffi-

cient of electroosmotic permeability ke is proportional to electrical conductivity σ
because electrical conductivity (the inverse of electrical resistivity) is related with

the flow of electrical current through the medium, which is easier if the fluid

polarizes in response to an electric field. However, the presence of high concentra-

tion of ions may generate ions diffusion and contra flows (Fig. 2.1), and for this

reason, EKT is more efficient for fluids with low salinity and high pH.

For low salt concentrations, the cations are affected by the double layers of the

minerals and their dominant paths are located in the grain–water interface, whereas

the anions always move in the pore space and are affected by the tortuosity of

medium, while for high salt concentrations, both cations and anions are moving in

the pore space and conductivity of cations equals that of anions. As a consequence,

zeta potential decreases and therefore ke also decreases, reducing EKT efficiency.

This is particularly important during EKT because pH tends to change. In Fig. 2.1, it

is also shown the formation of an acidic zone near the anode and a basic one near

the cathode due to the release of hydrogen and hydroxyl ions in the pore water

(electrolysis). In this case, the treatment efficiency may be reduced along time.

Because the zeta potential value is influenced by the electrolytic composition, the

value obtained after testing contaminated soils plays an important role in designing

the treatment of soil contaminated with different metals and chemicals.

2.2.2 Dewatering and Hydrodynamic Consolidation of Soils

Water flows in response to differences in pressure, which is named as water head.

The rate of water flow depends on the coefficient of hydraulic permeability,

however as mentioned earlier, in fine soils such as clays this value is very small

and for this reason there was the idea of inducing flow through changes in electrical

potential. The literature on EKT goes back to 1940s, when authors like Casagrande

started experimenting on electrokinetic properties of saturated clays. Apart from an

effort of stabilizing the soils, the studies also focused on the importance of drainage

conditions at the electrodes and pore pressures developed throughout the soil

sample and the resulting consolidation (Esrig 1968; Arnold 1973).
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Drainage conditions are important because water pressure generated by electro-

osmotic flow at the cathode will generate a counteracted hydraulic flow. Anode

must be closed in this case to stop this hydraulic flow, and this is the configuration

adopted for dewatering or hydrodynamic consolidation. If open conditions are

ensured at the anode and cathode, i.e., there is no pressure gradient across the

boundary, then water flow is caused only by EK. Such drainage configuration is

adopted to flush out the contaminants out from the soil using clean water.

The theory of electroosmotic consolidation and the analytical solution for

one-dimensional flow were presented in 1960s (Esrig 1968; Mitchell and Soga

2005). The electroosmotic volume flow rate can be described by (2.3)

Qe ¼ ke∇EA ð2:3Þ

where Qe is the electroosmotic volume flow (m3/s), ke is the coefficient of electro-
osmotic permeability (m2/V/s) already presented, ∇E is the gradient of the direct-

current electrical field applied (V/m), and A is the total cross-sectional area

perpendicular to the direction of flow (m2). For unidirectional flow along the

position x, the electroosmotic volume flow can be described by (2.4), where ke is
measured when water percolates the soil under constant voltage gradient dV/dx

Qe ¼ ke
∂V
∂x

A ð2:4Þ

This equation is analogous to the well-known Darcy’s law used to compute the

volume flow of water Qh driven by a hydraulic gradient in saturated soils

Qh ¼ khiA ¼ kh
∂H
∂x

A ð2:5Þ

where kh is the coefficient of hydraulic conductivity, or saturated permeability

(m/s), and i is the hydraulic gradient given by the change in water head ∂H along

the direction of flow ∂x caused by changes in pore water pressure. In case of

hydrodynamic consolidation, changes in water pressure are caused by stress incre-

ment which is entirely transmitted to the continuous fluid phase. This is because

water is much stiffer than the solid soil skeleton made of particles with a given

arrangement, or structure, accordingly with Terzaghi’s theory. In this case, effec-

tive stresses increase while pore water pressure reduces along time in asymptotic

manner, and therefore soil reduces volume as a result for the arrangement of

particles. In this case, the hydraulic permeability reduces along time, and this is a

hydro-mechanical coupled effect.

These equations do not consider any coupling between electrical and hydraulic

phenomena. If the drainage is kept open at the anode, the electric energy will act as

a gradient just to cause the electromigration and electroosmosis, without any

consolidation and therefore (2.3) is valid. However, hydrodynamic consolidation

occurs during the electrokinetic treatment if the anode side drainage is kept closed
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because there are changes in interstitial pressure and for this reason effective

stresses also change and therefore the soil experiences volume changes. In this

case, water velocity v can be described by (2.6), where u is the increment of

interstitial pressure due to the electrical gradient applied and ke and kh were already
explained. It is worth to note that the hydraulic conductivity considered is measured

when water percolates due to differences in water potential only, and not driven by

external stress increment.

v ¼ Q

A
¼ kh

ke

∂u
∂x

þ ke
∂V
∂x

ð2:6Þ

Concerning (2.6) it is worth to note that the relationship between kh and ke determines

the relative importance of hydraulic flow versus electroosmotic flow. For electroos-

motic flow to be more important that the hydraulic one this relationship must be the

smallest as possible, as previously discussed and presented in Table 2.2.

Both conductivities change as the treatment proceeds due to the fact that the soil

properties and electric field changes causing nonuniformity in the water content and

voids ratio (Mitchell and Soga 2005). Dislike the hydraulic permeability, and as

already mentioned, electroosmotic permeability is time dependent and is consider-

ably influenced over the period of treatment. It is independent of grain size but, as

hydraulic permeability, it depends on soil voids ratio, or porosity, as its definition

given by (2.2). ke dependence on soil porosity indicates that it will decrease as the

soil reduces volume, and for this reason water flow will reduce along EK treatment

if soil volume is allowed to change. Thus, drainage conditions are important.

Since the soil properties change throughout the EKT, the study of interrelation-

ships between the mechanical, hydraulic, and electrical properties is necessary. In

addition, the unpredictable chemical reactionsmake the theorymore complex and the

equations to quantify the effects. Their description is out of the scope of this chapter.

2.2.3 Soil Structure and Its Effects on Hydraulic
(and Electrical) Behavior

Compacted soils are preferred to natural soils because their structure can be easily

reproduced and different structures can be generated depending from the compac-

tion process adopted. Being this amechanical process (a given energy is applied for a

fixed amount of water), the most significant changes in clayey soils are mainly in the

size of the clay aggregates and in their arrangement. In general, two different pore

sizes can be distinguished in clayey soils: the macropores and the micropores. The

first are the large pores between clay aggregates and the second are the small pores of

the clay aggregates. Both kinds of pores are accounted in soil porosity and in voids

ratio. The arrangement of the aggregates corresponds to the macrostructure and the

arrangement of the clay minerals forming the aggregates is the microstructure, and
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for this reason compacted clayey soils are usually named double structured mate-

rials. Figure 2.2a is a scheme presenting the two different types of pores and

structures.

The quantity of water used in the compaction rules soil structure. For the same

compaction effort, optimum point corresponds to maximum dry volumetric weight

or minimum voids ratio, being soil structure flocculated or dispersive below and

above that value, respectively (Lambe 1958). The different structural arrangements

can be explained by electrochemical interaction between water and clay minerals

prevailing in the edges of the clay aggregates, in a mechanism similar to that

explaining the thickness of the double layer.

In most of the practical applications, the size of the micropores remains practi-

cally unchanged independently from compaction process because it is controlled by

the amount of water in the aggregates, and it is assumed that they are fully saturated

(Romero et al. 1999; Monroy et al. 2007; Thom et al. 2007; Cardoso et al. 2011).

When structure is flocculated, in the drying branch, the macropores are very large

where as they are smaller when structure is dispersive in the wetting branch

(Fig. 2.2a). For the same voids ratio, it is possible to have dispersive or flocculated

structures, which means that the volume of voids is the same as it is the sum of the

volume of both micro- and macropores.

For the same voids ratio, if the volume of micropores remains practically

unchanged, it is expected large macropores in flocculated structures, and small

macropores in dispersive structures. Hydraulic conductivity therefore is different

because fluid percolation is made mainly through the macropores as they are the

largest channels in the porous medium.

The size of macropores change in case on stress changes, due to hydrodynamic

consolidation, or if soil experiences significant volume changes caused by wetting

or drying, due to expansiveness phenomena. Figure 2.2b illustrates both mecha-

nisms. When unsaturated clayey soils are wetted with water, the size of the

micropores increases and therefore aggregates increase volume. These microstruc-

tural volume changes are caused by chemical interaction between water and the

clay minerals or osmosis, already discussed. This volume increment has different

consequences on global volumetric behavior depending from the arrangement of

the aggregates and their confinement and is simulated in constitutive models for

unsaturated soils using interaction functions between the two structural levels

(Gens and Alonso 1992; Cardoso et al. 2013). In fact, clays may exhibit overall

volume increment (swelling), which generally corresponds to the increment of the

size of the macropores, or to volume decrease (collapse), which corresponds to the

decrease of the size of the macropores.

Electroosmotic flow depends on the electrical conductivity of the medium and

for that the presence of water is fundamental. It occurs through the macropores

because electrical current flows through the continuous fluid phase, but the water in

the micropores has an important contribution and for this reason the influence of

both kinds of pores must be considered when investigating EKT.

The comparison between hydraulic conductivity and electroosmotic conductivity

for soils compacted with different and known structures may help clarifying the
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relevance of both types of pores in the electrical current flow in soils because

hydraulic conductivity is controlled mainly by the size of macropores therefore

the differences in tendencies may be attributed to the micropores. The dependence

from soil structure of both parameters will be investigated deeper in the research

Fig. 2.2 Structure of compacted clayey soils: (a) structure induced by compaction; (b) volume

change mechanisms
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presented, in which commercial kaolin is compacted with different structures and

the hydraulic, electrical, and electroosmotic conductivities will be measured.

It is believed that the main applications of EKT in the future are in the domain of

environmental engineering, where contaminants are present in pore fluid affecting

its electrical conductivity and also the size of micropores. For this reason, a better

knowledge of the coupled chemo-electro-hydraulic behavior of clays linked to their

mechanical behavior (volume changes and consequently stiffness and strength

changes) caused by the interaction between the two structural levels may help

defining better models also in this domain.

2.3 Experimental Study

The evaluation of the electrokinetic properties of the materials is necessary to

identify the viability of EKT on the type of soil and to calibrate some models.

These properties play an important role in planning the execution of the treatment in

field, either for electroosmotic consolidation, dewatering, or decontamination of

the site.

Application of electric field affects the physical, chemical, and electrokinetic

properties and thus changes structure of the soil. The results of a laboratorial study

performed on compacted Kaolin are presented, in which hydraulic, electrical, and

electroosmotic permeability were measured considering the effect of voids ratio

and molding water content in specimens preparation.

2.3.1 Kaolin Investigated

Commercially available white kaolin clay was adopted in this experimental

research aiming to simplify data treatment because it is a Portuguese

non-expansive clayey soil, therefore no relevant structural changes are expected

on full saturation and for this reason the study on how structure affects soils electro-

hydro-mechanical properties can be more easily done. The material was supplied in

powder, with 68 % in mass of grains with silt size (between 0.075 and 0.002 mm)

and 31 % with clay size (less than 0.002 mm) and solid volumetric weight of

26.1 kN/m3. Liquid limit is 52 % and plasticity index is 22 %; therefore, the

material classifies as highly plastic silt (MH) accordingly with the Unified Soil

Classification System.

Pore size distribution was measured using Mercury Intrusion Porosimetry, MIP

(Autopore IV 9500), in destructured samples of similar kaolin (i.e., samples mixed

with water content 1.5 times higher than the liquid limit, as suggested by Burland

(1990)), in which it can be assumed the inexistence of macrovoids. This is expected

to be the dimension of the micropores of the soil studied. An almost uniform pore

size distribution was found, with a peak at 310 nm diameter as shown in Fig. 2.3.
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This figure also presents a photograph from Scanning Electron Microscopy, SEM,

where the homogeneous disposition of the minerals confirms the MIP result.

The hydraulic conductivity and electroosmotic conductivity of destructured sam-

ples with voids ratio e¼ 1.5 and water contentw¼ 65%weremeasured (Cardoso and

Santos 2013) and the values of kh¼ 5� 10�10 m/s and ke¼ 2� 10�9 m/s (3.2 V/cm,

DC) were found, both within the ranges presented in Table 2.1 for similar materials.

The electrical conductivity of thewater extracted from the soilwas σ¼ 2.7 S/m,which

identifies the presence of dissolved salts from the soil because distilled water was used

in samples preparation.

Zeta potential wasmeasured for increasing values of pHby chemical conditioning

of the anolyte and catholyte solutions, done respectively by 0.1 M solutions of HCl

and NaOH. The zeta meter 3.0 used allowed applying 20–300V. Data is presented in

Fig. 2.4, where it can be seen negative zeta potential values for this clay.

This information, plus the values of hydraulic conductivity and electrical resistivity
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already mentioned, show that that EKT can be an adequate dewatering technique for

this clayey silt.

The effect of the presence of salts in the pore fluid on clay water sensitivity was

also studied by mixing the material with solutions prepared with different concen-

trations of NaCl (0.01, 0.05, 0.1, and 0.5 M). The consistency limits decrease as

shown in Table 2.3; therefore, the molding capacity of the soil, or its plasticity,

reduces with increasing NaCl concentration.

This expected result is consistent with the zeta potential curves shown in Fig. 2.4

for the same salt concentrations. In fact, as salt concentration increases zeta

potential decreases for the lower pH and increases for the higher, resulting in

more flat curves; however, the final zeta potential is less negative than the one

measured using distilled water.

The ions supplied to the solution contribute to reduce the thickness of the double

layer, and therefore clay particles reduce mobility. When in the reconstituted

material, the repulsion between clay minerals reduces, and the size of the pores

of the clay aggregates decrease. This result may be confirmed in MIP tests

performed in samples percolated with a solution prepared with 0.5 M of NaCl

also shown in Fig. 2.2, where it can be seen the reduction of pores’ size because the

peak displaces to 220 nm diameter.

2.3.2 Samples Preparation and Structure Effect
on Electrical and Hydraulic Conductivity

The specimens investigated, in a total of nine, were compacted for three different

void ratios, 0.90, 1.05, and 1.20 (�0.005), each void ratio with the molding water

contents of 20, 25, and 30 % (�1.0 %). Table 2.4 presents the different character-

istics of the specimens, including the water content corresponding to their full

saturation (all voids filled with water).

The nine points were selected in order to study the effect on electro-hydraulic

behavior of voids ratio and, for the same voids ratio, to create flocculated and

dispersed structures (Fig. 2.5). Low dry unit weight was assumed to ensure that the

effects would be visible. Figure 2.5 presents their position in relation to the

compaction curve obtained using 50 % of standard Proctor energy.

Table 2.3 Changes in consistency limits for different concentrations of NaCl

Fluid Liquid limit wL (%) Plasticity limit wP (%) Plasticity index IP (%)

Distilled water 52 30 22

NaCl 0.01 M 52 30 22

NaCl 0.05 M 50 32 22

NaCl 0.10 M 50 29 21

NaCl 0.50 M 48 25 23
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Different electrical conductivities were measured for the specimens with the

molding water content (in Fig. 2.6a and Table 2.5). Electrical conductivity σ was

measured adopting Wenner method described in BS1317 (BSI, 1990), in cylindrical

samples prepared for this purpose and using steel nails as electrodes. For the same

voids ratio, the electrical conductivity increases with molding water content simply

because there is large amount of water present in the voids. However, this incre-

ment is more notorious for the specimen prepared with e¼ 1.02, and this can be

explained by the transition from flocculated to dispersive structures (the dry to the

wet side of the compaction curve), and by the fact that the soil is not saturated in all

cases. The existence of air bubbles inside the samples reduces electrical conduc-

tivity because air is an electrical isolator. In flocculated structures, because they are

in the dry side, the size of the bubbles is larger and therefore σ decreases. The

results measured for the other voids ratio studied are consistent with the above.

Accordingly with Fig. 2.6a, the electrical conductivity is slightly smaller for the

specimens compacted in the dry side or with small voids ratio than for the

specimens compacted in the wet side or with large voids ratio.

Electrical conductivity increases for all specimens to values closer to 0.036 S/m

when they are fully saturated, also in Fig. 2.6a. This result confirms that the

electrical conductivity is more sensitive to the amount of water present in the soil

than to its structure, and for this reason the measurements in electrical conductivity

may be used only as an indicator of a positive response of soil to EKT, as previously

discussed (see Table 2.1). It is worth to note that the saturated electrical

Table 2.4 Characteristics of the compacted specimens

Void ratio, e Porosity, n (%)

Dry volumetric

weight (kN/m3)

Saturated

water content (%)

0.90 55 13.8 34.5

1.05 51 12.8 42.0

1.20 47 11.9 46.0
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Fig. 2.5 Details of the

compacted specimens
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conductivity of the soil is smaller than the value found for the pore fluid, which

confirms that the solids work as electrical insulators.

Structural effects are more evident when the hydraulic conductivities measured

in saturated specimens are compared, even if the order of magnitude of the values

expected for all specimens is within the ranges of values measured in similar kinds

of clays (between 10�7 and 10�10 m/s). Hydraulic conductivity was measured in the

triaxial chamber in cylindrical specimens (7 cm diameter and 14 cm height), after

full saturation following ASTM D4647 (D4767-11 2011). The results are presented

in Fig. 2.6b and in Table 2.5, where it can be seen that the kh of the samples

compacted in the dry side of the compaction curve or with high voids ratio is at least

one order of magnitude larger than that of the samples compacted in the wet side or
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with small voids ratio. This result is explained by structural arrangement from

compaction process, as previously discussed, because water flowing is easier

through the large macropores when the structure is flocculated or voids ratio is

large. For this reason, even if porosity affects this coefficient, it is dominated mainly

by the size of the macropores.

To conclude, the results found show that kh is larger for soils with large

macropores, while σ is independent from structure as long as the soil is fully

saturated. For unsaturated soils, σ is more for the lesser voids ratio, where the

smallest is the size of the macropores or the largest is their degree of saturation,

because it means that the size of the air bubbles are also small.

2.3.3 Experimental Setup for EKT and Results

The electroosmotic permeability test apparatus was modified from an oedometer

apparatus, as described by Cardoso and Santos (2013). The schematic diagram and

photograph of the experimental setup developed are shown in Fig. 2.7, where it can

be seen the oedometer cell, the loading system, the transducer LVDT for measuring

vertical displacements, the current/voltage source, and the system for water collec-

tion. The oedometer cell has a special provision for the inlet and outlet of the water

as well as for the electrical wires for the electrodes, 2 mm thick silver metal strips

with 2 cm side. The electrodes are placed in between the soil and the porous stone.

Pure silver metal was used because of its excellent electrical conductivity; however,

it suffers oxidation during EKT. A pressure of 12 kPa was applied to ensure proper

contact between the electrodes and the soil. The anode is the top and the cathode is

the bottom of the sample. The DC voltage/current source EX354RD, with two

outputs (each with capacity 0–35 V and 0–4 A) was used. The tests were performed

keeping voltage constant and the samples submerged in distilled water but electri-

cally isolated in the contacts using tape.

The samples tested were compacted inside the oedometer ring (5 cm diameter

and 2 cm height), as those investigated for measuring the hydraulic and electrical

conductivities previously shown in Fig. 2.4. Total test duration was 6 h for each

sample after its complete saturation and was divided into three stages of 2 h each.

Increasing voltage gradients were applied in each stage 2.5 V/cm, 4 V/cm, and

6 V/cm, respectively, and kept constant in each stage. The selection of these

voltages was based on trials performed to achieve a current difference near

10, 20, and 30 mA, respectively, in each test stage, which are considered efficient

for clayey soils (Jones et al. 2006). The tests were conducted for 6 h maximum to

prevent significant reduction of ke along time and avoid any other complex physical

and chemical changes in the soil, as their main aim was to determine the electro-

osmotic permeability ke. In spite of the short duration of the test corrosion of the

silver electrodes and evident signs of contamination of the clay with silver oxide

occurred, as shown in Fig. 2.8.
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To avoid consolidation of the soil by the electroosmotic treatment, the drainage

conditions were kept open at the anode and cathode. No deformations were

registered for the soil confirming that here was no consolidation. The pH value of

the water collected at the cathode was also noted at the end of the tests. Its value

increased from pH near 7 before the test to pH between 8.8 and 10.2. This confirms

EK flow and is consistent with the equations previously shown in Fig. 2.1.

Fig. 2.7 Experimental setup: (a) overview; (b) top view of the oedometer; (c) scheme of the

oedometric cell
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The volume of water collected (at the cathode exit) was recorded throughout the

test. Figure 2.9 presents the ranges of volumes measured for each void ratio tested,

being the upper limit the curve collected for the sample prepared with w¼ 30 %

molding water content and the lower for the sample prepared with w¼ 20 %. It can

be seen that the slopes of the curves increase with increasing voltage gradient

computed for each 2 h of test, and that the larger volumes were collected in the

samples with larger voids ratio, which are those with larger porosity and also those

with larger macrovoids.

The coefficient of electroosmotic conductivity for each specimen was computed

using (2.4) with the data from Fig. 2.9. The values found along time are presented in

Fig. 2.10, where it can be seen they are around 10�9 m2/V/s independently from the

sample studied. They are not constant because of experimental error and also

because the conductivities change due to the fact that the soil properties and electric

field also change (Mitchell and Soga 2005).

If the average values along time (Table 2.5) are considered for comparison

purposes, as shown in Fig. 2.11 the electroosmotic conductivities computed for

Fig. 2.8 Corrosion of the

silver electrodes and

evident signs of

contamination of the clay

with silver oxide (sample

with e¼ 1.20 and w¼ 25 %)
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the samples with e¼ 1.20 (n¼ 55 %, Table 2.4) are slightly larger than those found

for the samples with e¼ 0.90 (n¼ 47 %), which confirms that this coefficient

depends on porosity. Higher differences would be expected if the samples investi-

gated would have more contrasting porosities.

The differences found in the values of ke for the samples investigated are almost

irrelevant, in particular when compared with the differences found for the saturated

hydraulic permeability (Fig. 2.6b and in Table 2.5) because the values measured for

kh differed more than one order of magnitude depending on soil structure. While the

hydraulic permeability is strongly dependent on the size of the macropores because
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they are the main channels for water flow, the electroosmotic permeability depends

on global porosity and therefore the electric flow is done through all types of pores

filled with water. Assuming that the microporosity is almost the same for all

specimens independently from their preparation, the similar ke measured may

indicate that this property may be controlled mainly by the size of the micropores,

where water flows driven by electroosmotic effects. Further tests must be done to

confirm this result using different clays with similar zeta potential so that different

micropore sizes could be generated through mechanical compaction.

To conclude, the relationship found of kh and ke is presented in Table 2.5 for all

samples. Their values are larger than the expected in some cases previously

presented in Table 2.1 because of the different voids ratio of the specimens and

also because of experimental error. The lesser values were found for the samples

prepared with the lowest voids ratio, which proves that even small electric gradients

can cause similar flow induced by the higher pressures in a dense compacted soil.

This confirms that EKT dewatering treatment is more efficient for denser materials

because it is when water percolation is more difficult to achieve by applying

hydraulic gradients.

2.4 Conclusions

The theoretical study and practical applications of EKT were presented in this

chapter according to a Geotechnical engineer’s interest. EKT helps to increase the

rate of hydro-electro consolidation of a fine-grained soil. The complexity in the

EKT is severe and hence a chemo-electro-hydraulic-mechanical coupling was

performed and studied. Taken into consideration the voids ratio and the molding

water contents, the structure of a fine-grained soil, especially the arrangement of

clay aggregates plays an important role in EKT. Various hydraulic and electrical
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properties were measured for the Kaolin soil and significant relations were observed

between them, which were related to EKT using different theories. The effect of

flocculent and dispersed structure on the electro-hydro properties of a clayey soil

can be well explained with the help of the micropores and the macropores of

the soil.

Experimental data shows that the hydraulic and electrical conductivity of this

soil depends mainly on the size of the macropores, while the electroosmotic

permeability depends on global porosity due to electro-chemical interaction

between the water and the clay mineral, and for this reason the water present in

the micropores is relevant and affects this parameter. The study must be repeated

using different clays to confirm the importance of the micropore’s size for this

parameter.

EKT is believed to have a significant impact in the domain of Environmental

Engineering. Even a smaller electric gradient is able to create a same flow as that

induced by a high hydraulic gradient. From a hydraulic point of view, it is not

expected that the presence of contaminant will affect deeply the hydraulic proper-

ties of the soils; however, due to their chemical interaction with clay minerals, they

may change micropores and therefore may interfere with mechanical behavior, and

certainly will affect soil’s electrical and electroosmotic conductivities. The study of

interrelationships between the mechanical, hydraulic, and electrical properties of

low pervious soils such as the one studied and of clayey soils in general is necessary

for the definition of better models based on their coupled chemo-electro-hydro-

mechanical behavior, which will help in designing efficient and economically

advantageous EKT solutions.

Acknowledgements The authors acknowledge Professor Susana Freitas from INESC-MN for

providing the equipment for measuring the electrical conductivity, Doctor Remı́gio Machado from

the Department of Chemical Engineering of IST for helping using the zeta meter and FCT for

funding the experimental tests presented (EXPEL/ECM-GEO/0109/2013).MOTACeramic Solutions

for providing the soil for the research.

References

Abdullah W, Al-Abadi A (2010) Cationic–electrokinetic improvement of an expansive soil. Appl

Clay Sci 47:343–350

Acar YB, Alshawabkeh AN, Gales R (1993) Fundamentals of extracting species from soils by

electrokinetics. Waste Manage 13:141–151

Alshawabkeh AN, Acar YB (1996) Electrokinetic remediation II: theoretical model. J Geotech

Eng 122:186–196

Arnold M (1973) Laboratory determination of the coefficient of electro-osmotic permeability of a
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Chapter 3

Electrokinetically Enabled De-swelling
of Clay

Reena A. Shrestha, Angela P. Zhang, Eduardo P. Mateus,

Alexandra B. Ribeiro, and Sibel Pamukcu

3.1 Introduction and Background

Clay minerals, such as smectites and mixed-layer illites, can expand in volume up

to 20 times their original volume through inner crystalline adsorption of layers of

water and by the hydration of the exchangeable cations on the clay surfaces.

Hydration-swelling of clays is an important concern in geo-engineering when

swelling clay deposits are encountered under or near constructed facilities, such

as foundations, tunnels, embankments, boreholes, and wells. Upon swelling these

clays tend to lose shear strength and can undergo large volume changes as they

expand and shrink. Swelling soils exhibit alternating cycles of swelling and shrink-

age, often causing substantial damage in civil infrastructure (Chen 1988; Nelson

and Miller 1992). Furthermore, upon swelling they become retardant of flow and/or

a liquid barrier due to substantial decrease in hydraulic conductivity. Studies on the

loss of permeability of clay-containing sandstone and shale rock in response to

swelling have been conducted over many decades, particularly for petroleum

industry concerns of wellbore construction and operations. Researchers agree that

the water sensitivity or loss of permeability of sandstones can be attributed to

combination of effects including clay swelling in the rock pores, colloid and/or
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salt plugging. In shale rock, swelling of the clay constituents is the major

contributor to drilling problems in the wellbore management (Mohan and Fogler

1997). Similarly, drilling-mud filtrates can cause oil permeability to decrease,

which can interfere with oil well operations. The injection pressures and the time

required for water flooding can increase if clay blocking occurs due to clay

dispersion and/or swelling, which can give rise to operational and economic

problems in water reservoirs and oil recovery processes (Zhou and Law 1998;

Wilson et al. 2014).

Chemical stabilization of high plasticity clay soils using calcium-based stabi-

lizers, such as lime and cement has been practiced routinely over many decades to

reduce their volume change potential. Its overall benefits include an increase in soil

strength, stiffness and durability, and a reduction in soil plasticity and swell/shrink

potential (Winterkorn and Pamukcu 1991). The calcium in the stabilizing agents

exchanges with sodium (i.e., swelling potential maker) on clay surface and affects

an increase in the permeability and strength of the clay matrix by reducing the

dispersion tendency of the particles. This has been well known and practiced in

petroleum production and well stability operations over many years. For instance,

when formation clays are exposed to calcium chloride solution and then exposed to

weaker solutions of calcium chloride or distilled water, considerably less perme-

ability damage results than if the clays had been exposed to sodium chloride

solutions first (Jones 1964). Among the physical soil stabilization methods there

are only a few options for fine grained soils which include freezing, hydro fracture

grouting, and electroosmotic dewatering. Electroosmotic dewatering has been

shown a viable stabilization for high water content clays (Adamson et al. 1966;

Alshawabkeh and Sheahan 2003; Tajudin 2012; Estabragh et al. 2014;

Arutselvam 2014).

The CaCl2 is a common salt with properties that make it particularly suitable for

many soil stabilization applications (Jensen 2003). The calcium ions improve the

soil strength by three mechanisms, ion replacement, mineralization, and precipita-

tion of species in the pore fluid (Keykha et al. 2014). The CaCl2 is a hygroscopic

material which can attract and absorb moisture from its environment, it is highly

soluble, and Ca2+ ions can replace the Na+ ions within the electrical double layers of

clay particles. Replacement of a monovalent ion with a divalent ion the DDL

promotes higher charge density, hence a reduction in the thickness of double

layer. Smaller DDL lessens the dispersion tendency of the particle and allows for

larger pore space for water conduction. Injection of CaCl2 solution into tight clay

soils which may be already hydrated and severely low in their ability to conduct

liquids under a hydraulic gradient can be accomplished adequately by electroos-

mosis and electrokinetics. The Ca2+ ions migrate into soils through the processes of

electromigration and electroosmotic advection.

This study reports the findings of a series of laboratory reactor and batch tests

conducted to determine the efficacy of electrokinetic injection of CaCl2 solution

into fully hydrated bentonite (Na-smectite) and sand mixtures to reduce their

electrokinetic potential and increase hydraulic conductivity, hence reverse the

swelling condition.
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3.2 Experimental Program

3.2.1 The EK Reactor and Test Protocols

Figure 3.1 shows the EK reactor setup used in the flow tests. The simple reactor

design constituted of PVC tube cells (L¼ 7.6 cm; D¼ 2.6 cm) equipped with

circular mesh titanium working electrodes at each end. Cotton cloth filters were

inserted at soil–liquid interfaces. Soil sample was composed of mixtures of

sand and bentonite with varying bentonite mass fractions of 25, 50, and 100 %.

Table 3.1 presents the properties of the bentonite clay. The sand was fine size,

clean silica sand. About 40 g of each mixture was packed in the tubular cells.

Standing burettes connected to each end of a cell were used to manage the EO

flow. The water levels in the burettes were adjusted to equilibrium periodically to

avoid build-up of hydraulic pressures against the EO flow, or suction in favor of

EO. Fully hydrated soil samples were permeated electrokinetically with water,

and solutions of CaCl2 at three different concentrations of Ca2+ ion (0.01, 0.05,

and 0.1 M) in the direction of electroosmotic flow. All the tests were conducted

for 48 h under constant electrical potential of 4 V/cm. Flow, current, pH, were

measured periodically for the duration of the tests. Table 3.2 shows the list of tests

run and the composition of the anolyte, catholyte, and the soil specimen for

each test.

power Supply

CathodeAnode

Receivers

Voltmeter

Burettes

Fig. 3.1 Experimental setup for measuring EO flow in hydrated clay specimens
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3.2.2 Swelling Behavior of Bentonite Test Sample

Batch tests were performed to determine the pre-test pH, mass density, electrical

conductivity, pH at zero point charge (ZPC), and the zeta potential of the bentonite

clay (Table 3.1). Pure bentonite can swell up to 300 times of the initial volume

(Mollins et al. 1996). Bench scale column tests were conducted to observe the

differences in swelling tendencies of bentonite in water (distilled water) and in

solutions of CaCl2 of three different concentrations (0.01, 0.05, and 0.1 M). For

each test 5 g of bentonite was added into 20 mL of liquid in a standing glass column

and the volume change of the bentonite suspension was observed by following the

interface between the clear water and the suspension to drop over time for 48 h. The

columns’ tops were sealed with stretch wrap to limit evaporation.

Figure 3.2 presents the photographic images of the various test columns obtained

over 48 h period of time. As observed, while the bentonite in water remain in

dispersion, the others were suppressed to smaller volumes as settlement ensued.

The Ca2+ is likely to exchange on the clay surface and reduce dispersion so gravity

settlement and compression can occur. The transient change in the measured

volume of clay that remains in suspension below the water clay interface is plotted

Table 3.1 Physicochemical

properties of bentonite clay

used in this study

Parameters Value

pH 9.46

Conductivity 588 μS
pH @zpc 7

Dry bulk mass density 0.96 g/cm3

Zeta potential �29.5 mV

Table 3.2 Electrokinetic

experiments—set Set Catholyte Anolyte

Soil composition

(Bentonite %)

1 Pure water Pure water 100

2 Pure water Pure water 50

3 Pure water Pure water 25

4 Pure water 0.01 M CaCl2 100

5 Pure water 0.01 M CaCl2 50

6 Pure water 0.01 M CaCl2 25

7 Pure water 0.05 M CaCl2 100

8 Pure water 0.05 M CaCl2 50

9 Pure water 0.05 M CaCl2 25

10 Pure water 0.1 M CaCl2 100

11 Pure water 0.1 M CaCl2 50

12 Pure water 0.1 M CaCl2 25
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Fig. 3.2 Column tests to determine the effect of CaCl2 concentration on clay swelling

Fig. 3.3 Volume expansion of clay in free swelling tests in different concentration solutions of

CaCl2 and distilled water
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in Fig. 3.3. It can be observed that the suspension volume of bentonite remains at

about 235 % of the original volume of bentonite (~5.2 cm3) in pure water and at

about 53 % in 0.01 M CaCl2 solution. In 0.05 M and 0.1 M CaCl2 solutions,

however, it appears that there might be compression of the bentonite volume by

about 13 %, as aggregation of the particles may have promoted the effect. The data

indicates that excess Ca above a critical concentration may be required to suppress

dispersion and promote gravity settling and compression, hence decrease osmotic

swelling of the bentonite particle (Norrish and Quirk 1954). In these set of exper-

iments, 0.05 M Ca2+ appears to be sufficiently critical and increasing that concen-

tration to 0.1 M does not influence the results any further.

3.2.3 Preparation of the EO Flow Test Specimens

The batch tests showed the effectiveness of Ca ions in decreasing dispersion and

osmotic swelling tendency of the bentonite. CaCl2 is a common salt, which is

inexpensive and nontoxic to the environment at moderate concentrations. Hence,

it was selected as the reagent to use in the EK injection tests. Sand was mixed with

the bentonite clay initially to provide adequate electrolyte-filled pore space for

electrical current to flow through the specimen. However, the 100 % bentonite

specimens proved to sustain good current and flow as well. The silica sand used had

a substantial amount of calcium content, hence contributed to the initial calcium

content of the wet specimens as will be discussed later. During the test, the inflow

through the anode and the outflow through the cathode were recorded, while

keeping the hydraulic heads at equilibrium at the standing burettes. The equality

of the quantity of flow into and out of the two burettes ensured steady, saturated

flow. Since the burettes were open to air, any electrode reaction gases generated

were free to escape. The CaCl2 solution was fed through the anode burette. The

calcium content of both the inflow and outflow were checked periodically by

sampling. This ensured detection of Ca breakthrough when the Ca concentration

levels at the cathode reached to that of the anode.

3.3 Results and Discussion of Electrokinetic Experiments

3.3.1 Electroosmotic Flow

Figure 3.4 presents the results of the electroosmotic tests with Ca2+ ion injection.

The cumulative volume of outflow increased substantially with Ca2+ as opposed

to water only, in all tests. This increase was most pronounced with 100 %

bentonite specimen. The higher the clay content the higher the electroosmotic

flow quantity was, as measured. The flow rate was almost constant beyond the first
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Fig. 3.4 Transient variation of the cumulative volume of electroosmotic flow in different bentonite

content test specimens using different concentration solutions of CaCl2
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5 h of test run in the low bentonite content specimen, whereas it was clearly

nonlinear with a decreasing rate over time in the higher bentonite content spec-

imens. This data indicates reaching gradually a steady state of flow after which

little or no changes in the pore space that influence the electroosmotic conduc-

tivity are to be expected. This equilibrium took place faster in highest content

bentonite (100 % bentonite) specimen at about 24 h, then for the 50 % bentonite

specimen at about 36 h.

In low bentonite content specimen (25 %), the low electrolyte concentration

(0.01 M) appeared to cause faster increase in quantity of flow, whereas in high

bentonite content specimen (100 %) the electrolyte concentration did not appear to

affect the flow over time. This may be explained by the differences in post-test

water content and pH distribution, as discussed below.

3.3.2 Water Content

In Fig. 3.5, the post-test distribution of the water contents of three specimens is

presented. The initial water contents for the 25, 50, and 100 % bentonite content

specimens were measured as 42 %, 55.5 %, and 77 %, respectively. The low

bentonite content specimens showed no notable deviation from their initial water

content distribution after the test. A general trend of decrease of water at anode and

increase of water at cathode is observed in all specimens, which is typical of

electroosmotic experiments conducted in closed containers (Reddy et al. 2002).

Larger water content changes occurred in higher bentonite content specimens. This

is attributed to larger quantities of water permeation through these specimens. The

most notable result of the water content measurements came with higher electrolyte

concentration runs (0.05 M, 0.1 M). Potentially due to calcium hydrate formation at

increased CaCl2 contents hence more water take up for the ensuing reactions, the

quantity of flow decreased in these test runs. Formation of precipitates in the pore

space can decrease the quantity of flow, as was observed with the higher electrolyte

concentration test results in Fig. 3.5. Although the effect was not as pronounced in

100 % bentonite specimen, there was an decrease in rate of flow with time.

3.3.3 Zeta Potential and pH Distribution

The Fig. 3.6 shows the distribution of pH and zeta (ζ) potential in post-test

specimens. pH measurements show the characteristic distribution of low values

at anode and high values at cathode for the 25 and 50 % bentonite specimens. It is

plausible that the high pH at the cathode side would affect the calcium hydrate

formation at these locations. Yet, at higher bentonite concentration, the pH
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Fig. 3.5 Post EK test distribution of water content across the three test specimens with different

CaCl2 solution concentrations permeated by EO
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remained low for all specimens including the one permeated with water only. This

indicates that Ca2+ and Na1+ exchange has not taken place as rigorously to affect

the pH of the system. Hence, the uptake of Ca2+ is slower in the 100 % bentonite

system than the other two specimens of lower bentonite content. Indeed, the

results of calcium distribution below confirm this conclusion.

The value of zeta potential can be related to the stability of colloidal dispersions.

For molecules and particles that are small enough, a high zeta potential will confer

stability, i.e., the solution or dispersion will resist aggregation. When the potential

is low, attraction exceeds repulsion and the dispersion will break and the particles

coagulate (Greenwood and Kendall 1999; Hanaor et al. 2012). From Fig. 3.6 it is

observed that zeta potential of the test specimens increased from anode end to

cathode end, typical of post-electrokinetic treatment of clay soils. The most notable

observation is that there was a shift to less negative zeta-potential values with

addition of Ca2+ ions, except in 100 % bentonite at high electrolyte concentration

(0.1 M). Interestingly for the same specimen, with EO water conduction the

zeta potential shifted to less negative values as well, probably controlled by pH

changes. The shifting of zeta potential to lower values is a clear indication of the

particles to tend to break dispersion and coagulate, which is also a measure of

decreased swelling potential.

3.3.4 Calcium Concentration Distribution

The post-test distribution of Ca2+ concentrations of the three specimens are

plotted in Fig. 3.7. These concentration values are normalized to the initial Ca2+

concentrations in each specimen, which were 32, 11.5, and 4.4 ppm for the 25 %,

50 %, and 100 % bentonite specimens, respectively. The higher Ca2+ content in

low bentonite specimens is the contribution of the silica sand which had a

substantial calcium content in impurities. Figure 3.7 shows that there is notable

increase in Ca2+ content in all specimens following 48 h of Ca2+ injection

electrokinetically from the anode reservoir at a constant concentration of

275 ppm. The largest uptake of calcium occurred at the cathode end of the 50 %

bentonite specimen at high electrolyte concentration. The high pH (~11) and low

quantity of flow is offered as one explanation for this accumulation, but there may

be other factors which have not been considered here. More importantly, the Ca2+

uptake in the 100 % bentonite specimen was fairly uniform across the specimen

for the low electrolyte concentration (0.01 M). In general, an average uptake of

Ca2+ at a mass ratio of 4 times the initial value is displayed in most specimens,

despite few spiked concentrations measured.
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Fig. 3.6 Post EK test zeta potential and pH distribution across the three test specimens with

different CaCl2 solution concentrations permeated by EO
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Fig. 3.7 Post EK test

distribution of normalized

Ca2+ across the three test

specimens with different

CaCl2 solution

concentrations permeated

by EO
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3.4 Conclusions

In conclusion, the electrokinetic drift of calcium ions into swelling clay stabilizes

the formation and increases the volume rate of flow in laboratory tests. The decrease

in zeta potential to less negative values indicate decrease in cation exchange

capacity, reduction in surface charge deficiency and shrinking of DDL thickness

for swelling clays. Beneficial shift of zeta potential appears to take hold even at

higher pH vales (>7) for low Ca2+ concentration injections and for less than 100 %

bentonite content in formation. Finally, a steady gain of Ca2+ is demonstrated,

partially due to ion exchange and partially of due to formation of calcium hydrates

at higher pH values and injection concentrations.
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Chapter 4

Sustainable Power Generation from Salinity
Gradient Energy by Reverse Electrodialysis

Sylwin Pawlowski, João Crespo, and Svetlozar Velizarov

4.1 Background

Sustainable development cannot be achieved without a sustainable power generation.

Energy represents from 1 to 10 % of industrial cost production (excluding personnel

costs) (European Union 2011) and has been responsible in 2011, for almost 80 % of

the greenhouse gas emissions in EU-28 (Eurostat 2014). Moreover, the power

generation is pointed out as a key factor which may solve other worldwide problems,

such as education or health care as well as water and food availability (Smalley

2005). For example, cooling for electricity production dominates the water use in

industry (Forster 2014). The EU 2050 roadmap assumes that the power sector has the

biggest potential for cutting greenhouse gas emissions, as electricity generated by

renewable sources could partially replace fossil fuels used in transport and for

heating (http://ec.europa.eu/clima/policies/roadmap/perspective/index_en.htm). In

2011, the World gross electricity generation was approximately 2.5 TW, but only

20.6 % was generated from renewable sources (Eurostat 2014). Therefore,

decarbonizing our energy sources, which must be affordable, accessible, and sus-

tainable, is essential (Chu and Majumdar 2012).

4.2 Salinity Gradient Energy

When water streams with different salt concentrations mix, energy is released due

to a chemical potential difference between the two water bodies. The process is

spontaneous, irreversible and leads to an increase in the system entropy, what gives
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an opportunity to capture a renewable energy (Kuleszo et al. 2010; Murray et al.

2013; Post et al. 2008; Ramon et al. 2011; Vermaas et al. 2013a). During the mixing

process no CO2 or other greenhouse gases, which may interfere with the global

climate are released, no salts are “consumed” and virtually (unless the water must

be pre-treated and transported (Post et al. 2008) this “fuel” has no cost (Jones and

Finley 2003; Merz et al. 2012; Murray et al. 2013). Salinity gradient energy (SGE)

can therefore be considered as a completely renewable and sustainable source of

energy.

4.2.1 SGE Thermodynamic/Available Work

The theoretically available energy (i.e., exergy) can be estimated in terms of the

Gibbs free energy (Murray et al. 2013; Post et al. 2008):

ΔGmix ¼ Gb � Gc þ Gdð Þ ð4:1Þ

where ΔGmix is the change in Gibbs energy upon solutions mixing, Gb, Gc, and Gd

are the Gibbs energies of the brackish, concentrated, and dilute solutions, respec-

tively. The Gibbs energy of an ideal solution is equal to:

G ¼
X
i

μi � ni ð4:2Þ

where μ is the chemical potential and n is the number of moles of a component i in
the solution so the amount of released energy corresponds to the chemical potential

difference between the brackish solution and the initial dilute and concentrated

solutions. For ideal dilute solutions (i.e., with no change in the enthalpy,

ΔHmix¼ 0), (4.1) can be also rewritten in terms of the entropy change (ΔS)
(Alvarez-Silva and Osorio 2015; Kuleszo et al. 2010; Post et al. 2008; Vermaas

et al. 2013a):

ΔGmix

nb
¼ �T � ΔSb � f � ΔSc � 1� fð Þ � ΔSd½ � ð4:3Þ

with

ΔS ¼ �R �
X
i

xi � ln xið Þ ð4:4Þ

where nb is brackish water n� of moles, T is temperature, f is the fraction of

seawater, and R is the universal gas constant. The power which can be generated

by harvesting the released energy ( PΔGmix
) depends therefore on the salinity
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difference between the two initial streams as well as on the solutions flow rate (Q)
and molar volume (Vmol) (Vermaas et al. 2013a):

PΔGmix
¼ �T � ΔSb � f � ΔSc � 1� fð Þ � ΔSd½ � � Qb

Vmol,b
ð4:5Þ

4.2.2 River–Sea Interface

A naturally occurring interface between water streams of differing salinities exists

when, e.g., a river flows into a sea. The chemical potential difference between sea

and river water is equivalent to 175–270 m of hydraulic head (Emami et al. 2013;

Jones and Finley 2003; Kempener and Neumann 2014; Merz et al. 2012; Murray

et al. 2013; Ramon et al. 2011; Vermaas et al. 2013a), what has inspired the name

“silent waterfalls” for rivers mouth (Ramon et al. 2011). Mixing of equal volumes

(1 m3) of “river” (~0.01 M of NaCl) and “sea” (~0.50 M of NaCl) waters, release

approximately 1.4 MJ of energy at 293 K (Kempener and Neumann 2014; Post et al.

2007; Vermaas et al. 2013a). If we consider, instead of 1 m3, an infinite amount of

sea water, 2.3 MJ would be released (Post et al. 2008). Moreover, unlike wind or

solar energies, the SGE source is non-periodic due to the Earth’s continuous

evaporation/precipitation hydrological cycle (Merz et al. 2012; Murray et al.

2013) as schematically illustrated in Fig. 4.1.

Fig. 4.1 Schematic illustration of Earth’s water cycle, with identification of a possible source of

salinity gradient energy. (The photo of the “river” is the Tagus River under the 25th of April Bridge

in Lisbon.)
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The worldwide potential of all rivers discharge into seas/oceans has been

estimated to be within the range of 1.4–2.6 TW (Emami et al. 2013; Kuleszo

et al. 2010; Ramon et al. 2011). However, a feasible electricity amount which can

be generated depends, besides river and sea salinities, on temperature and flow rate,

streams salt composition, salinity gradient steepness, and environmental impacts

(Kempener and Neumann 2014; Kuleszo et al. 2010; Ramon et al. 2011).

For example, rivers with very big flow rates, such as Amazon and Congo, have a

diluting effect on the Atlantic Ocean salinity, what decreases the salinity gradient in

their mouths (Huckerby et al. 2012; Kuleszo et al. 2010). Another study has shown

that in Colombia, the site-specific potential is 31 % of the theoretical potential,

mainly due to salinity gradient variations (Alvarez-Silva and Osorio 2015). In such a

way, the expected realizable global salinity gradient potential, due to rivers dis-

charge, is close to 1 TW (Kuleszo et al. 2010; Ramon et al. 2011) (Table 4.1). This

power, if fully used, may lead to a significant reduction of greenhouse gas emissions

by around 8 Gt CO2-eq/year, which corresponds to 24 % of the total amount of

greenhouse gas emissions related with the energy sector (Kuleszo et al. 2010).

4.2.3 Alternative Salinity Gradient Interfaces

The amount of power obtainable from SGE can be increased if hybrid applications,

away from seas/oceans, are also considered. Inland highly saline (hypersaline)

lakes, underground salt reserves/aquifers and wastewaters (industrial, mining solu-

tions, desalination plants brines) (Helfer et al. 2013; Jones and Finley 2003;

Kempener and Neumann 2014; Merz et al. 2012; Neuman et al. 2012) can be

alternative sources of concentrated saline streams. Figure 4.2 shows the osmotic

pressure of some concentrated saline solutions based on literature data summarized

in Logan and Elimelech (2012):

Worldwide municipal wastewaters plants effluents, when drawn into seas, offer a

possible potential of 18.5 GW (Logan and Elimelech 2012; Ramon et al. 2011).

Table 4.1 Theoretical and technical potential of salinity gradient energy due to rivers discharge

throughout the World (adapted from Kuleszo et al. (2010))

Region No. of rivers Discharge (m3/s)

Theoretical potential

(GW)

Technical potential

(GW)

Africa 391 170,294 311 190

Asia 1243 236,769 374 206

Europe 779 74,569 94 56

North

America

1878 191,434 321 189

Oceania 791 165,566 308 195

South

America

390 320,078 316 148

World 5472 1,158,709 1724 983
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Mixture of equal volumes (1m3) of brine (~5M ofNaCl) and river (~0.01M of NaCl)

waters can release around 16 MJ of energy (Kempener and Neumann 2014; Post

et al. 2007), besides providing inherent ecological benefits of diluting saline waste-

water streams before disposal. The mentioned sources, despite of offering higher

saline concentration difference, have limited overall potential compared to river–sea

systems because of their smaller volumes, but still may found rather interesting site-

specific applications, e.g., as energy recovery systems. Highly saline waters may be

also stored in ponds for being used when necessary (Helfer et al. 2013; Kempener and

Neumann 2014). Another opportunity of creating a salinity gradient interface could

pass through utilization of thermolytic solutions (e.g., containing ammonium bicar-

bonate) in the osmotic heat engines used to capture energy fromwaste heat (Logan and

Elimelech 2012; Luo et al. 2012; Neuman et al. 2012).

4.3 Reverse Electrodialysis

The SGE can be transformed into electric power only when appropriately

harvested, as in a random mixing, the system quickly reaches chemical equilibrium,

without giving the time to capture the released energy (Merz et al. 2012). The first
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Fig. 4.2 The osmotic pressure of possible five sources of concentrated saline streams (SWRO
brine brine from Sea Water Reverse Osmosis)
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concept of extracting electrical energy from such systems has been developed by

Pattle in 1954 (Pattle 1954) and is very similar to the process currently known as

Reverse Electrodialysis (RED).

4.3.1 RED Principle

RED is a membrane-based technology for controlled mixing of saline solutions.

A RED stack is composed by an array of, alternately arranged, cation- and anion-

exchange membranes (CEM and AEM), stacked between two electrodes. A basic

unit of the stack is a cell pair formed by one cation-exchange membrane, one anion-

exchange membrane, one dilute compartment, and one concentrated compartment.

In order to close the stack, an additional cation-exchange membrane is added facing

the cathode. Figure 4.3 shows a schematic representation of the RED principle.

In the classical RED design, the gap between the membranes is assured by

spacers, which maintain the intermembrane distance constant. The so-formed

compartments are alternately fed with concentrated and dilute saline solutions,

with the exception of the electrode compartments, where CEM separate a dilute

or a concentrated saline stream from a solution containing redox pair which is

recirculated between the two terminal electrode compartments.

Since the membranes are semipermeable barriers, which, in ideal conditions,

only allow the passage of anions (through AEM) or cations (through CEM),

while blocking transport of co-ions and water, only the respective counter-ions

Fig. 4.3 Schematic representation of the RED principle (CEM cation-exchange membrane, AEM
anion-exchange membrane, Re external load resistance)
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should migrate from a concentrated to a dilute saline stream. Due to the alternate

arrangement of AEM and CEM, the cations and anions migrate in opposite direc-

tions. This movement leads to an establishment of an electric potential difference

between the two electrodes. Thus, the chemical SGE is converted, by mean of an

appropriate redox couple, into electrical energy, i.e., an electron flux from the anode

to the cathode through an external circuit, resulting from the need of maintaining

electro-neutrality in the solution recirculated in the electrode compartments.

4.3.2 RED Metrics

The main parameter determining a RED stack performance is the provided net

power density (Pnet density), which consists in a trade-off between the gross power

density (Pgross density) obtained in the stack and the power spent for pumping the

solutions (Ppumping):

Pnet density ¼ Pgross density � Ppumping

2 � N � Am

ð4:6Þ

where Am is the area of one membrane and N is the number of cell pairs (Vermaas

et al. 2011a, 2012). For the same hydrodynamic conditions in dilute and concen-

trated compartments, the power spent for pumping can be obtained as follows

(Pawlowski et al. 2014a):

Ppumping ¼ 2 � Δ pt � Qð Þ ð4:7Þ

where Q is feed solutions flow rate and Δpt is the total pressure drop between the

stack inlet and outlet. The factor 2 appears because there are two saline solutions

which are pumped, the diluted and the concentrated one. The total pressure drop is

the sum of partial pressure drops along the solutions pathway inside the RED stack.

Most often the main partial pressure drops are those localized in the stack channels

and in its branches (Pawlowski et al. 2014a). The power required for pumping the

redox couple solution recirculated in the electrode compartments, especially for

stacks with a big number of pairs, can be neglected (Strathmann 2010).

The gross power generated by a RED stack depends of the potential difference

established between the electrodes (OCV—open circuit voltage), the stack internal

resistance (Ri), and the external load resistance. The maximal value of gross power

density is achieved when the external load resistance has the same value as the

internal resistance (Veerman et al. 2008, 2009, 2010a). For such a case:

Pgross density ¼ OCV2

4 � Ri
ð4:8Þ
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The open circuit voltage is the driving force of the RED process and represents the

sum of potential differences over each membrane, which mainly depends on the

activities γ � Cð Þ ratio between the concentrated (c) and the diluted (d ) saline

solutions (Dlugolecki et al. 2009; Vermaas et al. 2012):

OCV ¼ 2N � α � R � T
F

� ln γc � Cc

γd � Cd

� �
ð4:9Þ

In (4.9), α is the membrane permselectivity, R is the universal gas constant, T is the

absolute temperature, F is the Faraday constant, γ is the activity coefficient, and C is

the saline solution concentration on membrane surface.

The stack internal resistance (Ri) is the sum of CEM and AEM resistances,

solutions resistances in the compartments, where h is the compartment thickness

(intermembrane distance) and κ is the solution conductivity, diffusion boundary

layers (DBLs) resistance (RDBL), and electrode compartments resistance (Rel)

(Brauns 2009; Vermaas et al. 2011a, b, 2012, 2014a, b):

Ri ¼ N � RCEM þ RAEM þ hc
κc

þ hd
κd

þ RDBL

� �
þ Rel ð4:10Þ

The DBL resistance is considered as a non-ohmic resistance, while all other

resistances are of ohmic nature (Vermaas et al. 2011a, 2012, 2014a). In a large-

scale stack, the resistance of the electrodes compartments is insignificant, compared

to the other resistances (Vermaas et al. 2011a, b), and could be neglected. On the

other hand, formation of DBLs must be carefully taken into consideration, since it

leads to a decrease in potential difference over the membranes due to concentration

polarization, which is especially important in the diluted compartments and at low

flow rates (Kozmai et al. 2010; Pawlowski et al. 2014b).

4.3.3 Electrokinetics in RED

4.3.3.1 Ion-Exchange Membranes

An efficient ion transport in electromembrane processes, such as RED, firstly

depends on the ion-exchange membranes performance. Besides, the price of the

membranes is the main cost in terms of Levelized Cost of Electricity (LCOE)

generated by RED (Daniilidis et al. 2014a). Ion-exchange membranes are capable

of selective transport of the respective counter-ions from one phase to another

due to the high concentration of oppositely charged functional groups fixed to the

polymer matrix. Most common negatively charged fixed groups for CEM are

sulfonic acid groups (–SO3), while as positively charged groups of AEM, quater-

nary amine groups (–N+(CH3)3) are usually chosen (Dlugolecki et al. 2008; Galama

et al. 2014a; Strathmann et al. 2013).
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The main properties of some commercially available ion-exchange membranes

(Dlugolecki et al. 2008, 2010a; Guler et al. 2012, 2013, 2014a; Slagt 2012; Vermaas

et al. 2011b), which can be used in RED are summarized in Table 4.2.

Table 4.2 Main properties of some commercially available ion-exchange membranes

Membrane

Area

resistance

(Ω cm2)

Perm-

selectivity

(%)

Wet

thickness

(μm)

Ion-exchange

capacity

(meq/g)

Swelling

degree

(%)

Cation-exchange membranes

Fuji (Slagt 2012) >2.0 95.0 140

Fumasep (Dlugolecki et al.

2008, 2010a; Guler et al.

2013)

2.14 89.5 113 1.14 29

Fumasep FKE (Dlugolecki

et al. 2008)

2.46 98.6 34 1.36 12

Fumasep FKS (Guler

et al. 2013)

1.50 94.2 40 1.54 13.5

Neosepta CM-1

(Dlugolecki et al. 2008)

1.67 97.2 133 2.30 20

Neosepta CMX

(Dlugolecki et al. 2008,

2010a; Guler et al. 2012,

2013)

2.91–3.00 95.0–99.0 158–164 1.62 18

Qianqiu CEM (Guler

et al. 2013)

1.97 82.0 205 1.21 33

Ralex CMH-PES

(Dlugolecki et al. 2008;

Guler et al. 2013; Vermaas

et al. 2011b)

11.33–7.0 94.7–97.0 764–650 2.34 31

Selemion CMV

(Dlugolecki et al. 2008;

Guler et al. 2013)

2.29 98.8 101 2.01 20

Anion-exchange membranes

Fuji (Guler et al. 2014a;

Slagt 2012)

0.93 89.0–91.0 123–140

Fumasep FAD

(Dlugolecki et al. 2008,

2010a; Guler et al. 2013)

0.89 86.0 74 0.13–1.42 34

Fumasep FAS (Guler

et al. 2013)

1.03 89.4 33 1.12 8

Neosepta AFN

(Dlugolecki et al. 2008)

0.70 88.9 163 3.02 43

Neosepta AM-1

(Dlugolecki et al. 2008)

1.84 91.8 126 1.77 19

(continued)
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The resistance values in Table 4.2 have been measured in 0.5 M NaCl solutions

at 25 �C, while the permselectivity has been obtained from membrane potential

measured across the membranes separating 0.5 M and 0.1 M NaCl solutions.

In RED application, these values will depend on the actual saline solutions used,

as the electrical resistance of an ion-exchange membrane strongly depends on the

solution concentration, especially for salt concentrations <0.1 M NaCl, in which

range the electrical resistance of the membrane strongly increases with the decrease

in salt concentration in the solution (Dlugolecki et al. 2010a, b; Galama et al. 2014a;

Geise et al. 2014a). The membrane resistance could be decreased significantly by

increasing temperature (Dlugolecki et al. 2010b), and it is mainly determined by the

compartment with the lowest external salt concentration (Galama et al. 2014a).

Contrary, the membrane permselectivity decreases when the salt concentration in

the solution increases, due to a weakened Donnan exclusion of co-ions (Dlugolecki

et al. 2010a). The nature of co-ions also influences the membrane permselectivity;

co-ions that are charge dense and have low polarizability tend to provide a higher

membrane permselectivity (Geise et al. 2014b).

It has been found that a high ion-exchange capacity and a low swelling degree lead

to an increased membrane selectivity, but do not have a clear effect on the membrane

area resistance (Guler et al. 2012, 2013). In order to decrease themembrane resistance,

amore appropriate step passes through decreasingmembrane thickness as the counter-

ion transport becomes faster for thinner membranes (Guler et al. 2012, 2013).

The gross power density of a RED stack with membranes prepared following the

mentioned indications was found to be the highest one in comparison with stacks

equipped with commercial membranes (Guler et al. 2012, 2013).

Table 4.2 (continued)

Membrane

Area

resistance

(Ω cm2)

Perm-

selectivity

(%)

Wet

thickness

(μm)

Ion-exchange

capacity

(meq/g)

Swelling

degree

(%)

Neosepta AMX

(Dlugolecki et al. 2008,

2010a; Guler et al. 2012,

2013)

2.35 90.0–90.7 134 1.25–1.40 16–26

Qianqiu AEM (Guler

et al. 2013)

2.85 86.3 294 1.33 35

Ralex AMH-PES

(Dlugolecki et al. 2008;

Guler et al. 2013; Vermaas

et al. 2011b)

7.3–7.66 89.0–89.3 670–714 1.97 56

Selemion AMV (Guler

et al. 2013)

3.15 87.3 124 1.78 17
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4.3.3.2 Ion Transport and Concentration Polarization

In a RED stack, the potential difference established across the membranes due to

the difference in salinity of the two aqueous streams leads to transport of ions.

The amount of current transported by an ion is characterized by its effective

transport number (Dlugolecki et al. 2010a; Kozmai et al. 2010; Nikonenko et al.

2010, 2014; Strathmann et al. 2013). In the membrane, the current is preferentially

due to the respective counter-ion, and if the external solutions are sufficiently

diluted, the transport numbers of a counter-ion and co-ion in the membrane are

close to 1 and 0, respectively. In the solution, both ions transport the current and

each ion transport number in the solution depends from their mobility. For example

for 1 g/L NaCl solution, the transport numbers in the solution are 0.392 and 0.608

for Na+ and Cl�, respectively (Pawlowski et al. 2014b). Due to this ion transport

numbers difference in the solution and in the membrane, the salt concentration in

the concentrated stream is lower close to the membranes than in the bulk, while in

the dilute stream compartments an opposite situation occurs (Brauns 2009; Kim

et al. 2012; Ramon et al. 2011; Tedesco et al. 2015). Development of a solute

concentration gradient across the liquid DBL close to a membrane is a phenomenon

known as concentration polarization, which in RED leads to a decrease in the

potential difference over the membranes (4.9) and, as a consequence, to a decrease

in the obtainable gross power density (Ramon et al. 2011). Figure 4.4 shows a

schematic representation of concentration profiles in a RED cell pair.

In practice, the concentration gradient at the solution bulk–DBL interface is

continuous, but by assuming the Nernst film model, the DBL thickness (δ) can be

estimated from the tangents intersection of the two concentration profiles (across

the DBL and in the bulk). Such an approximation allows for a reasonable descrip-

tion of the diffusion phenomena in electromembrane processes (Brauns 2009; Choi

et al. 2002; Galama et al. 2013, 2014b; Geraldes and Afonso 2010; Kozmai et al.

2010; Nikonenko et al. 2010, 2014; Sistat and Pourcelly 1997). Furthermore, it is

commonly assumed that the transport of a target counter-ion (J ) in the membrane

takes place predominantly by migration, i.e., due to electric field:

J ¼ iT

zF
ð4:11Þ

while in the DBL the same counter-ion moves due to both migration and diffusion

caused by its concentration difference across the boundary layer:

J ¼ it

zF
þ D

∂C
∂x

� �
x

ð4:12Þ

where i is the current density, T is the counter-ion transport number in the mem-

brane, z is its valence, F is the Faraday constant, t is the counter-ion transport

number in solution, D is salt diffusivity, C is salt concentration, and x is the
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direction perpendicular to the membrane surface (Galama et al. 2013, 2014b;

Geraldes and Afonso 2010; Kozmai et al. 2010; Nikonenko et al. 2010, 2014).

Integration of equations (4.11) and (4.12) across the diffusion liquid boundary layer

in the concentrated stream compartment gives:

i ¼ zF Cb � Cmð ÞD
δ T � tð Þ ð4:13Þ

where Cb is salt concentration in the bulk, Cm is salt concentration at the membrane

surface, and δ is the DBL thickness.

In electrodialysis, where a potential difference is externally imposed between the

electrodes, it is possible to reach a current density value (limiting current density),

for which the salt concentration in the aqueous phase contacting the membrane

surface becomes zero (Geraldes and Afonso 2010; Nikonenko et al. 2010, 2014).

Determination of limiting current density by the Cowan-Brown method from

current–voltage curves, allows for estimation of the DBL thickness (Choi et al.

2002; Dlugolecki et al. 2010a; Geraldes and Afonso 2010). In RED however, the

ionic current is due to internally established potential difference (due to the salinity

gradient between the two aqueous saline streams), so the current density values

reached are much lower than the limiting current density value.

Fig. 4.4 Schematic representation of electrical potential and concentration profiles in a RED cell

pair (CEM cation-exchange membrane, AEM anion-exchange membrane)
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4.3.3.3 Chronopotentiometry

Chronopotentiometry consists in applying a constant current during a defined

period of time, until a steady-state potential difference is achieved, and then the

current supply is interrupted (Fig. 4.5a). Chronopotentiometry is a simple, fast and

accurate electrochemical tool since it allows for a direct access of the voltage

contributions in polarized and non-polarized solution-membrane systems and can

be applied for different saline concentrations in the underlimiting current density

range (Krol et al. 1999; Pawlowski et al. 2014b; Pismenskaia et al. 2004; Sistat and

Pourcelly 1997). Under RED-operating conditions, we have found that estimation

of the DBL thickness using chronopotentiogram data relative to the final (diffusion

relaxation) part of the chronopotentiogram (see Fig. 4.5b) was more accurate, in

comparison with its initial region (Pawlowski et al. 2014b; Vermaas et al. 2014b).

This was because the concentration polarization was already fully developed at the

end of the measurement, thus avoiding a possible initial non-uniform current

distribution due to the relatively large ion-exchange membrane exposed area and

its surface inhomogeneity (Pawlowski et al. 2014b).

Assuming a unidimensional counter-ion transport (described through the Nernst-

Planck formalism within the two DBLs adjacent to the cation-exchange mem-

brane), no co-ion transport and the same electrolyte concentration on both sides

of the membrane, the transmembrane potential (Δφtot) is (Belova et al. 2006;

Kozmai et al. 2010; Pismenskaya et al. 2007):

Δφtot ¼ 2
RT

F
ln

Cm enrichedð Þ
Cm depletedð Þ

� �
þ iRmþsol ð4:14Þ

where the considered salt concentrations are those on the membrane surfaces (Cm)

contacting the enriched and depleted in salt compartments, Rm+sol is the electric

resistance of the membrane and of the bulk solutions (with salt concentration Cb),
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Fig. 4.5 Chronopotentiograms: (a) schematic current density-time curve and the resulting

voltage-time curve; (b) chronopotentiograms obtained in the underlimiting current density regime

over the central Ralex cation-exchange membrane with surface area of 64 cm2, in a two-cell pair,

spacer-free RED stack, fed with 1 g/L NaCl solution at two different linear flow velocities
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and i is the applied current density. At steady state, for an underlimiting current

density, i< ilim, a linear salt concentration profile is expected across the DBLs

(Belova et al. 2006; Choi et al. 2002; Kozmai et al. 2010; Pismenskaya et al. 2007):

Cm ¼ Cb 1� i

ilim

� �
ð4:15Þ

and, in such a way, the transmembrane potential measured at the steady state

(ΔφSS) becomes:

Δφtot ¼ 2
RT

F
ln

1þ i
ilim

1� i
ilim

 !
þ iRmþsol � 4

RT

F

i

ilim
þ iRmþsol ¼ ΔφSS ð4:16Þ

When the current application is interrupted, the potential difference (ΔφSS–

Δφohmic) measured at that instance is only due to concentration polarization

(4(RT/F)(i/ilim)) developed during the time of current application (Pawlowski

et al. 2014b). Knowing that ilim can be obtained by (4.13) for the case of Cm¼ 0,

the DBL thickness (δ) becomes:

δ ¼ CbF
2D ΔφSS � Δφohmicð Þ
4RTi T � tð Þ ð4:17Þ

Figure 4.5b shows that the potential difference ΔφSS–Δφohmic increases with the

decrease in linear flow velocity in the compartment channel, what means that the

DBL thickness increases. In result, the obtainable gross power density decreases

(Dlugolecki et al. 2009; Vermaas et al. 2011b). The DBL thickness can be decreased

by intensifying the hydrodynamic conditions, such as an increase in the linear flow

velocity, as can be seen in Fig. 4.5, or by introducing turbulence promoters inside the

channels (Dlugolecki et al. 2009, 2010a, b; Vermaas et al. 2011a, 2014a). However,

both measures lead also to an increase of the pressure drop inside the stack

(Pawlowski et al. 2014a; Tedesco et al. 2012; Veerman et al. 2009; Vermaas et al.

2011a, 2014a) and, consequently, may result in even negative values of the net

power density (4.6) and (4.7), because of spending more power for pumping of the

solutions that the one generated by the RED stack itself. A possible solution to this

problem could pass through utilizing enhancing flow entrance effects on mass

transfer, as in the entrance of the channels, the concentration polarization is minimal

while it increases along the channel length until the salt concentration profile

becomes fully developed (Pawlowski et al. 2014b).

4.3.3.4 Monovalent Versus Multivalent Ions

During the development of the RED technology, in order to investigate and model

the process performance most frequently NaCl electrolyte solutions of different
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concentrations have been considered. However, in natural seawater and river water

a number of other ions, including multivalent such as Mg2+ and SO4
2� can be

present in both feed solutions (Guler et al. 2014a; Post et al. 2009; Vermaas et al.

2014c).

Contrary tomonovalent ions such asNa+ andCl�, which are themajor contributors

for water salinity (Vermaas et al. 2014c) multivalent ions could be transported from

the dilute to the concentrated in NaCl stream compartments (Guler et al. 2014a; Post

et al. 2009; Vermaas et al. 2014c). This is caused by the Donnan equilibrium

condition, which requires a valence-interdependent-redistribution of counter-ions,

which, for a monovalent “i” and divalent counter-ions “j” in the concentrated (c)
and dilute (d) saline solutions is written as follows:

ΔφD ¼ RT

F
ln

ai, c
ai, d

� �1=1

¼ RT

F
ln

a j, c

a j, d

� �1=2

ð4:18Þ

Until the Donnan equilibrium is not achieved, multivalent ions might continue to be

transported, even again their own concentration gradient (uphill transport), from the

dilute to the concentrated saline compartment (Guler et al. 2014a; Post et al. 2009;

Vermaas et al. 2014c), as can be seen in Fig. 4.6.
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Fig. 4.6 Cl� and SO4
2� concentrations evolution in dilute stream in 10-cell pair RED stack,

with Ralex ion-exchange membranes. The initial solutions compositions were: dilute stream

(4 mM MgSO4, 13 mM NaCl) and concentrated stream (50 mM MgSO4, 460 mM NaCl). The

solutions volume was 1 dm3 and they were fed at 72 l/h flow rate. The anion concentrations were

followed by HPLC measurements using AS9 column (Dionex) connected to a Dionex conduc-

tivity detector
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Depending on the initial ionic compositions, membrane properties, and other

process parameters, such as temperature and hydrodynamic conditions, etc., the

uphill ion transport may occur in the time scale of tens of minutes up to several

hours (Vermaas et al. 2014c), thus causing a decrease in the salinity gradient across

the membranes, lowering the stack voltage and, consequently, reducing the obtain-

able power density in RED (Guler et al. 2014a; Post et al. 2009).

The use of ion-exchange membranes with selectivity for monovalent counter-

ions may overcome this limitation as they offer steric hindering and/or charged

repulsion of multivalent counter-ions (Guler et al. 2014a; Post et al. 2009; Vermaas

et al. 2014c). This would be beneficial especially if the dilute water composition is

rich in multivalent ions (Post et al. 2009), since, for example, the power density was

reduced by 63 % when artificial multi-ionic solutions mimicking real brackish

water and an exhausted brine were used instead of NaCl solutions

(Tufa et al. 2014). For river–sea systems, in which the presence of multivalent

ions in the feed solutions has led to a 9–20 % lower power density than when

sodium chloride has been the single ions source (Hong et al. 2013), utilization

of monovalent membranes did not significantly improve the obtainable power

(Guler et al. 2014a; Post et al. 2009).

4.3.3.5 Redox Couples

In RED, the ionic current is converted into electron current by an appropriate redox

couple contained in the solution recirculated in the electrode compartments

(Scialdone et al. 2012). Since the conversion is mainly controlled by mass transfer

in the electrolyte rather than by the electrocatalytic properties of the electrode

material (Burheim et al. 2012), an inexpensive graphite carbon material can be

used as electrodes (Burheim et al. 2012; Scialdone et al. 2012; Veerman et al.

2010b). As redox couples, homogeneous redox systems, such as those based on iron

compounds, are preferable, because they do not cause net chemical reactions and

the potential difference needed for reduction on the cathode is counterbalanced by

oxidation on the anode (Veerman et al. 2010b). The OCV, current, and gross power

density obtained in experiments performed under identical conditions, but with

different redox couples, can be consulted in Table 4.3.

Table 4.3 Redox couple influence on performance of a 10-cell pair RED stack, with Ralex

ion-exchange membranes, fed with 0.5 and 0.017 M NaCl solutions at 72 l/h flow rate

Redox couple electrolytes OCV (V) I (mA) Pgross (mW)

Na2SO4 1.31 12.5 4.1

K3Fe(CN)6 and K4Fe(CN)6 1.33 38.4 12.8

KMnO4 and K2MnO4 1.38 39.0 13.4

The redox solution is 0.015 M electrolyte in 0.26 M bulk of NaCl, recirculated at 280 mL/min
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The hexacyanoferrate(III)/hexacyanoferrate(II) system has a low toxicity

(except if in contact with strong acids, when a toxic gas is released) and proved

to be stable in the absence of light and oxygen (Scialdone et al. 2012) as well as for

long-term experiments (more than 2 months) performed by the authors in our

ongoing research.

Power generation by RED does not have to be necessarily the only objective of

the process. Simultaneous power generation and treatment of recalcitrant water

contaminants (Cr(VI)) or organic pollutant resistant to conventional biological

processes (Acid Orange 7) has been suggested to be done in the electrode compart-

ments by redox reactions (Scialdone et al. 2014, 2015). Also, as mentioned in

Sect. 4.2.3, biological wastes can be converted into electricity, hydrogen gas,

methane, and other chemicals by coupling microbial electrochemical technologies

with RED (Hatzell et al. 2014; Logan and Rabaey 2012; Luo et al. 2014; Nam et al.

2012). In such systems, appropriate microorganisms may oxidize and reduce the

organic compounds at the anode and the cathode, respectively (Logan and Rabaey

2012).

An alternative to the use of redox couples could be utilization of capacitive

electrodes, what eliminates redox reactions at the electrodes and avoids possible

small leakages of redox couple solution to the feed water compartments, which may

pollute the environment via the brackish effluent (Vermaas et al. 2013b). Further-

more, in case of internal leakages, hexacyanoferrate anions may poison the AEM in

the RED stack through irreversible binding, thus leading to its decreased perfor-

mance (Lacey 1980).

However, since the feed waters (dilute and concentrated saline streams) must be

periodically switched when using capacitive electrodes, the obtainable gross power

density is lower in a RED stack with capacitive electrodes in comparison with a

stack equipped with conventional Ti/Pt electrodes and using a hexacyanoferrate

system as the redox couple (Vermaas et al. 2013b).

4.4 Challenges and Perspectives

4.4.1 Profiled Membranes

The RED performance depends significantly on the stack design and hydrodynamic

conditions inside its flow channels. As mentioned in Sect. 4.3.3, introducing

turbulence promoters inside the channels can reduce the DBL thickness, but on

the cost of a higher pressure drop inside the channel. Moreover, the turbulence

promoters are usually non-conductive spacers, which partially cover the

ion-exchange membranes area (the so-called spacer “shadow” effect) and, conse-

quently, increase the ohmic electric resistance of the stack (Balster et al. 2010;

Dlugolecki et al. 2009, 2010c; Pawlowski et al. 2014b; Veerman et al. 2009;

Vermaas et al. 2014a). An explored possibility for overcoming this limitation is
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the use of conductive spacers, which still promotes solutions mixing, but without

taping a part of the membrane surface for counter-ion transport (Dlugolecki

et al. 2010c). However, since the pressure drop remains relatively high in such a

design, a more viable alternative seems to be utilization of profiled membranes

(Guler et al. 2014b; Vermaas et al. 2014a).

Profiled membranes, also known as corrugated membranes, provide channels for

the feed streams, while the relief formed on their surfaces keeps the membranes

separated (Brauns 2009; Racz et al. 1986; Strathmann 2010; Vermaas et al. 2011b).

In such a way, the intermembrane distance is still maintained constant even without

spacers. The use of profiled membranes is very promising since, if used, the

obtainable net power density can be almost two times higher than that obtained in

a RED stack with spacers due to both the increase of available membrane area and a

pressure drop reduction in the channels (Vermaas et al. 2014a). However, there is

still a need to design new corrugation forms, since the actual ones do not yet grant

the same reduction of the DBL resistance as spacers do (Guler et al. 2014b;

Vermaas et al. 2011b, 2014a).

4.4.2 Pressure Drop

Minimization of the pressure drop in a RED stack is one of the most important and

challenging issues for optimizing the RED performance as it is proportional to the

power spent for solutions pumping, which may consume up to 25 % of the

generated power (Veerman et al. 2009). To predict the pressure drop in a RED

stack, the classical approach of considering a single cell pair as a repeating unit in

the stack does not take into account the possible non-uniform fluid distribution

due to pressure variation inside the stack (Kodym et al. 2012). Utilization of

Hagen–Poiseuille or Darcy–Weisbach equations to calculate pressure drop in

flow compartments assuming a fully developed, uniform flow (Veerman et al.

2011; Vermaas et al. 2011a, b, 2012) and, therefore, equal pressure drop in all

compartments gives values which are up to 20 times lower than the total pressure

drop in the stack (Vermaas et al. 2011a, b). Since, for example, in a 50 cell-pair

RED stack, pressure drop in manifolds constituted 80 % of the total pressure

drop (Veerman et al. 2009), only when pressure drops in distribution ducts,

branches, and beams are all considered, the total pressure drop can be accurately

predicted (Pawlowski et al. 2014a). As the number of cell pairs increases, the partial

pressure drop in the distribution duct and, especially the partial pressure drop in

the branches become dominant and are the principal causes of a non-uniform fluid

flow distribution inside a RED stack (Pawlowski et al. 2014a). Therefore, the

development of more efficient feed water distribution designs is a challenge, not

only for RED, but also for other membrane technologies with plate-and-frame

stacks.
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4.4.3 Fouling

Fouling may cause a significant decrease in the obtained power density (Vermaas

et al. 2013c, 2014d). This decrease can be manifested by an increase of the

non-ohmic overpotential in chronopotentiometric measurements, which can be

used to decide on and selectively apply cleaning in RED (Vermaas et al. 2014b).

Periodically switching the feed waters (i.e., changing seawater for river water and

vice versa) allows maintaining a high power density in the first hours of operation,

probably due to a removal of multivalent ions and organic foulants (Vermaas

et al. 2014d). However in long term, colloidal fouling is also observed, which can

be only partly reversible. Periodic air sparking grants a minimum of colloidal

fouling, resulting in a higher power density in long-term operation (Vermaas

et al. 2014d).

The mentioned anti-fouling strategies has, however, associated energy costs, and

are therefore applied after preferential channeling has been detected by chronopo-

tentiometry (Vermaas et al. 2014b) or when a pronounced pressure drop increase

has been registered (Vermaas et al. 2013c, 2014d). Since a decrease in obtained

power density is, most likely, to be caused by organic fouling (Vermaas

et al. 2013c), process monitoring should focus on organic compounds, with an

objective of an early detection of membrane fouling. 2D fluorescence spectroscopy,

which is a sensitive and non-invasive technique, can provide rapid information

about the composition of complex biological media (Galinha et al. 2011, 2012)

appears to be a feasible analytical tool for the RED monitoring.

4.4.4 Net Power Density

Currently, themaximal obtained power density is close to 2.2W/m2 at 35% of energy

efficiency for mixing seawater (~0.5 M NaCl) and river water (~0.01 M NaCl)

(Vermaas et al. 2011a) and a theoretical goal of 3.5W/m2 is expected to be eventually

achievable (Yip et al. 2014). Even a higher power density (up to 6.7 W/m2) can be

obtained if NaCl 0.01 and 5 M solutions, at 60 �C, are used (Daniilidis et al. 2014b).
The power density rise is not directly proportional to the increase of concentration

difference since the open circuit voltage (4.9) has a logarithmic dependence on the

solution concentrations ratio, as well as high solution saline concentrations may

weaken the Donnan exclusion of co-ions by ion-exchange membranes (Yip and

Elimelech 2014).

Since the membranes are the major component of the initial capital outlay

(~80 %) (Kempener and Neumann 2014) as they are the “heart” of a RED stack,

as well as due to their relatively high current cost (Daniilidis et al. 2014a), the final

challenge for RED implementation in practice is to improve the cost-effectiveness

of this technology by developing more affordable ion-exchange membranes (below

4.3 €/m2 of membrane (Daniilidis et al. 2014a)), for the current performance
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efficiency (Yip et al. 2014). It is expected that at such conditions, electricity

generation by RED can become competitive with other energy sources, resulting

in a LCOE of around 0.16 €/kWh (Daniilidis et al. 2014a). However, several factors

such as costs for fouling prevention and investments for feed water flow distribution

are still highly uncertain regarding the financial feasibility of RED. Recently

(on November 26, 2014), a RED pilot plant (50 kW of capacity) had been inaugu-

rated at the Afsluitdijk (The Netherlands) by Fujifilm, RED stack B.V., and Wetsus

consortium (http://www.fujifilm.eu/dk/nyheder/article/news/fujifilm-membranes-

in-blue-energy-test-power-station). Its performance is expected to provide more

relevant data for further development of the RED technology and for its comparison

with other possible renewable energy sources.
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Chapter 5

The Kinetic Parameters Evaluation
for the Adsorption Processes
at “Liquid–Solid” Interface

Svetlana Lyubchik, Elena Lygina, Andriy Lyubchyk, Sergiy Lyubchik,
José M. Loureiro, Isabel M. Fonseca, Alexandra B. Ribeiro,

Margarida M. Pinto, and Agnes M. Sá Figueiredo

5.1 Introduction

Adsorption is one of the most important processes for the practical applications in

industry and environmental protection. Adsorption at various interfaces (“liquid to

solid,” “gas to solid,” or “gas to liquid”) has concerned scientists since the begin-

ning of twenty-first century (Dabrowski 2001). When the adsorption process is

concerned, the adsorption kinetics and thermodynamics are of great significance to

gain insight into the adsorption mechanisms and to evaluate the given adsorbent

performance.
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Analysis of the kinetic data allows evaluating (a) the rate of the adsorbate uptake

by given adsorbent and (b) the factors affecting the reaction rate, i.e., to estimate the

parameters which determine the time required to complete the adsorption process.

The kinetic parameters estimation is necessary for design and scale/performance

determination of the industrial adsorption apparatus (such as the fixed-beds,

flow-through columns, and adsorbers) in a batch- and dynamic-modes. There are

numbers of widely used adsorption kinetic models to describe adsorption process at

“gas–solid” interface. However, these models are often failed or insufficient to fit

the kinetic data at “liquid–solid” adsorption interface. This is mainly due to the

complicity of the chemisorptions reactions and diffusion processes of the adsorbate

from liquid phase into the porous matrix of the adsorbents.

There are abundant publications on heavy metal adsorption on activated carbons

with different oxygen functionalities covering wide-range conditions (solution pH,

ionic strength, initial sorbate concentrations, carbon loading, etc.). Althoughmuch has

been accomplished in this area, the principal problem remains in interpretation of

obtained results for the adsorption process at “liquid–solid” interface. A basic under-

standing of the scientific principles is far behind; in part because the study of interfaces

requires extremely careful experimentation if meaningful and reproducible results are

obtained (Dabrowski 2001). The thermodynamics and kinetics data are still under

continuing debates. The main problem concerns relatively low comparability of the

data obtained by different research groups. That is happening not only due to the

differences in chosen adsorbents nature or operating conditions for the adsorption

runs, but in part because of the choice of the methodological approaches for the

adsorption data analysis. More far as, chemisorptions from the solution into porous

media is much more complex process than gas phase physisorptions.

Therefore, the adsorption kinetics and dynamics at solid–liquid interface remain

the open questions in the heterogeneous surface science. There is vast literature on

the kinetics and thermodynamics parameters evaluation for gas-phase adsorption

process into a porous media, while analytical base for the adsorption kinetics and

thermodynamics at solid–liquid interface is less developed area. The common

methodology for the adsorption data analysis at liquid–solid interface either does

not exist or its development is only in infancy. That is mainly due to the complicity

of chemisorptions reactions of the adsorbate on the adsorbent active centers and

mass transfer diffusion restriction at the solid–liquid adsorption interface.

In general, the molecules attachment from liquid phase to the solid surface by

adsorption is a broad subject. Therefore the only complex investigation of adsor-

bate/adsorbent surfaces interactions at the aqueous–solid interface can help to

understand the metals adsorption mechanism, which is an important point in

optimization of the conditions of their environmental applications.

While the adsorption thermodynamics highlights the equilibrium conditions in

the solution between the adsorption phases, another area of the debates remains

on an optimum contact time to reach the adsorption equilibrium in the adsorption

systems at “liquid–solid” interface. The majority of studies on the adsorp-

tion kinetics have revealed two-step behavior of the adsorption systems

(Carrott et al. 1997; Kumar et al. 2000; Raji and Anirudhan 1998) with fast initial
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uptake and much slower gradual uptake afterwards, which might take days or even

months. Some of the authors reported the optimum contact time of minutes (Ajmal

et al. 2001; Lakatos et al. 2002), while other extreme suggested 100 h (Csobán

et al. 1998; Brigatti et al. 2000) to get equilibrium in the adsorption systems.

Furthermore, regardless of the adsorption run conditions (initial and equilibrium

pH, temperature regime, etc.) the solutes adsorption by given adsorbent could be

completed in a quite different contact time.

Thus, regardless of the solution pHs, differences in metal ions speciation,

temperature dependence of the adsorption process, variability of the active centers

on the carbon surface, surface charge, and potential, a comparison of the adsorption

runs results for the metal ions capture by activated carbons is complicated. Where

investigation of the adsorption kinetics (time evolution of the adsorption processes)

has the remarkable ability to connect seemingly unrelated parameters.

It was suggested that known mathematical models for the adsorption kinetics

data description could be classified as adsorption reaction models and adsorption
diffusion models, which are quite different in nature (Lazaridis and Asouhidou

2003). Namely, the adsorption diffusion models are always constructed of three

consecutive steps (Qiu et al. 2009): (1) external (or film) diffusion across the liquid

film surrounding the adsorbent particles; (2) internal (or intra-particle) diffusion in

liquid contained in the pores and/or into the pore texture; and (3) adsorption/

desorption between the adsorbate and active sites, i.e., mass action. The adsorption

reaction models, originating from chemical reaction kinetics, are based on the

adsorption process as a whole, i.e., without considering the abovementioned steps

(Qiu et al. 2009; Dabrowski 2001).

In a current practice, for the kinetic parameters evaluation, the adsorption reac-

tion models is widely developed and used. However, it is not fully correct to use the

adsorption reaction models only (such as the pseudo-first-order, pseudo-second-

order models, or/and chemisorptions kinetic models) to describe complicity of the

adsorption kinetics at “solid–liquid” interface. Therefore, themass transfer diffusion

models (both external and intra-particle) should to be also taken into consideration.

The present chapter is focused on the kinetics parameters evaluation for the

adsorption process at “liquid–solid” interface. Kinetics parameters have been

evaluated through the sets of time-based experiments for the chromium(III) ions

adsorption under varying temperatures and adsorbent loading for two sets of the

commercially available activated carbons and their post-oxidized forms of different

surface oxygen functionality and porous texture. Several kinetic models, such as the

pseudo-first-order, pseudo-second-order, chemisorptions kinetics model, external

and intra-particle mass transfer diffusion models and the systems dynamics model-

ing (derivatives in order to time) were applied to follow the adsorption process.

This approach served the dual purpose: (a) gained deep insight into effect of the

porous matrixes’ structural characteristics on the adsorption kinetics of the metal

ions from liquid phase into porous solid surface and (b) gained insight, which is

often very difficult or impossible to obtain by other mean, on overall dynamic

behavior of the adsorption systems at “liquid–solid” interface aiming at overall

adsorption process control.
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5.2 Experimental

Two commercially available activated carbons GR MERCK 2518 and GAC Norit

1240 Plus (A-10128) have been used as supplied (parent or initial carbons) and after

their post-chemical treatment with 1 M nitric acid to enhance the surface oxygen

functionality and to vary the carbon’s porous texture for the kinetics testing

experiments. The carbon’s textural parameters were analyzed using gas adsorption

technique and surface functionalities were evaluated by temperature-programmed

desorption (TPD). The pH at the point of zero charge (pHPZC values) were mea-

sured using the pH drift method (Sontheimer et al. 1988). The details of the

oxidation posttreatment and carbons characterization procedures/techniques are

described elsewhere (Lyubchik et al. 2005) and summary results of the carbon

surface characteristics and texture are presented in Tables 5.1 and 5.2.

Chemical posttreatment resulted in an introduction of the surface oxygen func-

tional groups to the carbon surface; it also changed the carbon’s porous texture. In

general, posttreatment by nitric acid destroys the micropores structure, thus led to

the reduction of the total pore volume and apparent surface area of the resulted

carbons. This effect is more pronounced for the samples post-treated by 13 M nitric

acid [data published elsewhere (Lyubchik et al. 2005)]. For the posttreatment by

1 M nitric acid this effect is evident for the parent GRMERCK 2518, which is more

microporous, then parent GAC Norit 1240 Plus (Table 5.1). Furthermore, due to the

Table 5.1 Textural and surface characteristics of the studied activated carbons

Carbons

SBET
(m2/g)

Vtotal

(cm3/g)

Vmicro

(cm3/g)

Smeso

(m2/g)

Smicro

(m2/g) pHPZC

Merck_initial 1017 0.59 0.55 40 977 7.02

Merck_1 M

HNO3

755 0.33 0.31 41 714 3.41

Norit_initial 770 0.40 0.32 41 729 6.92

Norit_1 M

HNO3

945 0.43 0.41 72 873 4.41

Adapted from Lyubchik et al. (2005)

Table 5.2 Surface groups of the studied activated carbons

Sample

Carboxylic (μmol/g) Lactones

(μmol/g)

Phenols

(μmol/g)

Quinones

(μmol/g)Hydrous Anhydrous

Parent Merck – – 0.19 0.48 0.24

Merck_1 M

HNO3

1.12 0.12 1.77 4.53 3.14

Parent Norit – – 0.21 0.50 0.19

Norit_1 M

HNO3

1.15 0.14 0.76 2.52 1.82
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oxidative posttreatment the carbon surface acquired strong acidic character (car-

bons pHPZC drastically decreased, Table 5.1), and the content of the active centers

of different nature significantly increases (Table 5.2). This effect was more pro-

nounced for post-treated GR MERCK 2518 parent carbon; however the same

tendency was also observed for GAC Norit 1240. Both carboxylic hydrous and

anhydrous groups (which are responsible for efficient metal ions chemisorptions)

appeared on the carbon surface (total of ca. 1.30 μmol/g). Weakly acidic functional

groups, such as phenolic, lactones, and quinones, are also well presented on the

surfaces (Table 5.2).

It was established that the nitric acid bonding to active edges is thermodynamic

favorable process (ΔH¼ 431.82 kcal/mol) resulted in cluster formation followed

by transfer of the hydroxyl groups to the neighbor carbon atoms and formation

of nitrophenol compounds, that also is energetically favorable (ΔH¼ 349.43

kcal/mol). Water presence during oxidation results in its linkage by weak

intermolecular interactions (ΔH¼ 294.25 kcal/mol) followed by water molecules

regrouping to more stable compounds that is clearly visible on enthalpy reduction

(ΔH¼ 227.95, 171.01, 170.92, and 121.71 kcal/mol) of the cluster formation at

their identical chemical composition.

According to the XPS data the differences between parents and modified by

acids samples were observed for carbon, oxygen, and nitrogen contents, which

reveal their oxidation ability.

The carbon post-treated by HNO3 is rich in aromatic carbons (aliphatic/aromatic

carbons ratio is 0.27) and the oxidation reactions slightly change initial aromaticity

of the carbons. Fitted at (287.9� 0.1) eV and at ca. 289.3 eV peaks could be

attributed to the carbonyl and carboxylic bonds. The presence of those bonds is

considerable confirming a strong oxidation of the materials during chemical

posttreatment.

The conclusion, extracted from the carbon peak analysis, is confirmed by the

analysis of O 1s region. The following oxygen functionalities: carbonyl/quinine

(C¼O), alcohol/ether (C–O), and carboxylic acid/esther (O¼C–O*), contribute

with peaks centered at 531.1 eV, 532.3 eV, and 533.3 eV, respectively,

chemisorbed water contributes with peak at ca. 535.9 eV. The global quantitative

results confirm the efficiency of HNO3 treatment. The degree of surface oxidation

expressed as the ratio of total oxygen to total carbon, Ototal/Ctotal, is of ca. 0.10.

In fact, the O 1s region in post-treated by HNO3 samples is shifted towards lower

binding energy. This is compatible both with oxygen included in groups bound to

aromatic groups or included in ether groups instead of alcohol groups confirming

that activated surface is richer in aromatic carbons and C–X–R groups.

From the XPS data, a consequent amount of nitrogen is present in samples post-

treated by HNO3. The N 1s core level signal also confirms the presence of carbon/

nitrogen terminated groups of O–C(¼O)N, CN(H)C. After fitting, peaks could be

attributed to protonated amine functions (398.4 eV), O–C(¼O)N or C(¼O)NC(¼O)

(400.6 eV), –N(CH3)
3+ (402.7 eV) and nitrous groups (NO2) (405.7 eV). The

contribution of protonated amine functions is weak (up to 0.19 at.%), whereas the

presence of nitrogen/oxygen functionalities is remarkable (up to 1.20 at.%).
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The ratio of oxidized carbon/electronegative elements was ~2 for post-treated

samples. It means that the number of groups C–X–H [X is O, N] is high in post-

treated samples.

The adsorption kinetics experiment was carried out to evaluate the rate and the

activation energy of the Cr(III) adsorption on the given activated carbons, and to

evaluate the rate limiting steps for the overall adsorption process at “solid–liquid”

interface.

As a sources of trivalent chromium, the tanning industry reagent—salt

Cr2(SO4)2OH2, was used. The chromium solution was always freshly prepared

and used within a day in order to avoid its aging.

The influence of temperature and carbon dosage on the kinetics of the Cr(III)

adsorption in the system “Cr(III)-activated carbon” was evaluated by time-based

analyses. The experimental runs were performed for four samples: parent and

oxidized by 1 M HNO3 forms of GR MERCK 2518 and GAC Norit 1240 Plus

(A-10128), at four different temperatures: 22, 30, 40, and 50 �C. The adsorption

runs were performed at a fixed adsorbate concentration of 200 ppm, for three

different carbon loadings fixed at 2.4, 4.8, and 16 g/L. Tests were performed at

initial pH of 3.2 of the Cr(III) solution; i.e., without adding any buffer to control the

pH to prevent introduction of any new electrolyte into the systems.

Batch laboratory technique was used for the adsorption kinetics testing experi-

ments. The batch tests were conducted by fixed adsorbent loading to the 250 mL

Erlenmeyer flasks containing 25 mL of the 200 ppm chromium(III) solution, which

were shaking on a gyratory shaker at 200 rev/min for certain discrete time and,

depending on the temperature of the experiment, until adsorbate concentration in

the solution became fully unchanging. Each experiment was performed for two

parent and two post-oxidized forms of Norit and Merck activated carbons for three

different carbon loadings, thus generated ca. of 20� 4� 3¼ 240 samples for each

experimental temperature [thus total of 240� 4¼ 960 for all kinetics tests]. Exper-

iments were duplicated for quality control and statistical purposes. The percent

standard deviation of the sorption parameters was less than 5.0 %. At the end of the

time-based experiments, the adsorbent was removed by filtration through the

membrane filters with a pore size of 0.45 μm, and chromium concentration was

estimated spectrophotometrically using standard procedure (measuring absorbance

at 371 nm).

5.2.1 Supporting Theory

With the development of the theory of adsorption equilibria from liquid phase on

heterogeneous solid surfaces, the theory of adsorption kinetics on heterogeneous

surfaces was also developed. There are three mass transfer processes (i.e., diffusion

processes), where the adsorption diffusion models are appropriate to describe the

kinetics, and one more, so-called mass action process, where the adsorption
reaction models are appreciable to describe the kinetics. Namely, adsorption
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kinetics is determined by the following stages (Dabrowski 2001): (a) diffusion of

molecules from the bulk phase towards the interface space, so-called external

diffusion; (b) diffusion of molecules inside the pores, so-called internal diffusion;

(c) diffusion of molecules in the surface phase, so-called surface diffusion; and

(d) adsorption/desorption elementary processes inside the porous structure, which

can be combined process of physisorptions and chemisorptions. Furthermore, for

the adsorption kinetics of metal ions on microporous solids and/or inside the porous

matrixes reached by surface functional groups (which are serving as the active

centers of the adsorption), other, then physisorptions and chemisorptions, mecha-

nisms may additionally take place, for instance capillary condensation,

ion-exchange, complexation of the ions with the surface active centers, etc. It is

also assumed that the total rate of the kinetic process is determined by the rate of the

slowest process.

5.3 Adsorption Diffusion Models

Various models of diffusion were studied, including single steps of external or

intra-particle diffusion or combined phenomena.

5.3.1 External Mass Transfer Diffusion Model

External mass transfer model, or external diffusion model, is an application of the

Fick’s laws to the adsorption process at “liquid–solid” interface. The mass transfer

is generally expressed as (Srivastava et al. 1989):

C0 � Ct ¼ D � ek0t ð5:1Þ

where C0 is the initial metal ion concentration (mmol/L), Ct is the metal ion

concentration at time t (shaking time (min)), D is a fitting parameter, k0 is the

adsorption constant which is related to the mass transfer adsorption coefficient.

A linearized form of (5.1) gives (5.2):

ln C0 � Ctð Þ ¼ ln Dþ k0t ð5:2Þ

If the adsorption process follows the mass transfer model, the plot of ln(C0–Ct)

vs. time (t) should give a linear relationship; where constants lnD and k0 can be

determined from the slope and intercept, respectively.

Model expresses the evolution the liquid phase adsorbate concentration in

the solution at a time t(Ct, mmol/L) as a function of the difference of the adsorbate

concentrations in the solution (Ct) and it’s liquid phase concentration at the
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adsorbent surface (Cs, mmol/L) (5.3) according to Weber and Morris (1963), Ho

et al. (2000):

dCt

dt
¼ �β � S � Ct � CSð Þ ð5:3Þ

where β is external mass transfer coefficient (m/min); S is surface area per unit

solution volume (m�1).

Equation (5.3) can be simplified to (5.4) by substituting the following boundary

conditions: Ct!C0 and Cs! 0 when t! 0; where C0¼ initial metal ion concen-

tration (McKay and Poots 1984, McKay et al. 1986; Weber and Morris 1962). Thus,

making assumptions that (a) adsorbate surface concentration (Cs) is negligible at

t¼ 0; i.e., (b) its concentration in solution (Ct) tending to the initial one (C0); and

(c) intra-particle diffusion is also negligible; the external mass transfer coefficients

could be determined using (5.4):

dCt=C0

dt

� �
t!0

¼ �β � S ð5:4Þ

where the external mass transfer rate [�βS] (min�1) could be approximated by the

initial slope of the Ct/C0 vs. time (t) plot, and then can be calculated either by

assuming a polynomial linearization of [Ct/C0] and subsequent derivation at t¼ 0 or

by assuming that the relationship [Ct/C0 vs. t] is linear for first initial slop.
For this model, (a) the surface area is approximated as external surface of

adsorbent particles and (b) the particles are supposed to be the spherical ones.

Their surface area S could be calculated according to (5.5):

S ¼ 6 � m
d p � ρapp � Vsol

ð5:5Þ

where m is adsorbent mass in solution (g); dp is particle size diameter (m); ρapp is
apparent density of adsorbent (g/m3); Vsol is solution volume (m3);

S p ¼ 6= d p � ρapp
� �

is specific surface area of particles (m2/g).

5.3.2 The Intra-particle Mass Transfer Diffusion

A common empirically functional relationship for the adsorption processes is that

the adsorbate uptake varies almost proportionally with t1/2, rather than with the

contact time, t (Ho et al. 2000):

qt ¼ Kit
1=2 ð5:6Þ
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where qt is the amount (in mmol/g) of solute adsorbed at certain time t (min) and Ki

is the intra-particle diffusion rate constant.

When the adsorption mechanism follows the intra-particle diffusion process, the

Weber Morris plot of qt vs. t
1/2 (according to (5.6)), should be a straight line with a

slope Ki(mmol/g�min�0.5) and intercept C.
The slop value gives the intra-particle diffusion rate constant, and intercept gives

an idea about the boundary layer thickness: the larger the intercept, the greater the

boundary layer effect (Unnithan et al. 2002).

The intra-particle diffusion coefficient (Di, m
2/min) could be calculated from

Weber and Morris equation (5.7):

Ki ¼
12qeql
d p

� �
� Di

π

� �0:5

ð5:7Þ

and Urano and Tachikawa equation (5.8), i.e., from the slope of the plot of log[1�
(qt/qeql)

2] vs. time (t):

�log 1� qt=qeql
� �2h i

¼ 4 πð Þ2 � Di � t
2:3d2p

ð5:8Þ

5.4 Adsorption Reaction Models

The most commonly used chemical kinetic expressions to explain the solid/liquid

adsorption processes are the pseudo-first-order kinetics and pseudo-second-order

kinetic models.

5.4.1 Pseudo-First-Order Rate Model

The earliest first-order rate equation was proposed by Lagergren (1898) to evaluate

the adsorption rate based on the adsorption capacity for the kinetics of oxalic and

malonic acid adsorption on charcoal (5.9):

dqt
dt

¼ k1 qeql � qt
� � ð5:9Þ

where qeql and qt are the adsorption capacity at equilibrium and at certain time t,
respectively (mmol/g), k1 is the rate constant of pseudo-first-order adsorption (min�1).

After integration and applying boundary conditions t¼ 0 to t¼ t and qt¼ 0 to

qt¼ qt, the integrated form of (5.9) becomes (5.10):

log qeql � qt
� � ¼ log qeql

� �� k1
2:303

t ð5:10Þ

5 The Kinetic Parameters Evaluation for the Adsorption Processes. . . 89



When the values of log(qeql�qt) are linearly correlated with t; the plot of log

(qeql�qt) vs. t should give a linear shape from which the rate constants (k1) and
the adsorption capacity at equilibrium (qeql) can be determined from the slope and

intercept of the plot, respectively.

Lagergren’s first-order rate equation has been called the pseudo-first-order

equation, and currently this model is widely used to describe the adsorption kinetics

of different pollutants from liquid phase into the porous media. However, it has to

be noticed, no adsorption mechanisms could be reasonably assigned to the kinetics

data obtained from the pseudo-first-order rate model application.

5.4.2 Pseudo-Second-Order Rate Model

The second-order rate equation was proposed by Ho (1995) to describe the adsorption

kinetics of divalent metal ions onto peat, where cation-exchange between metal ions

and adsorbent’s polar functional groups (aldehydes, ketones, acids, and phenolic) is

the adsorption mechanisms (Cheung et al. 2001). The main assumption was that the

adsorption may be second-order, and rate limiting step may be chemical adsorption

involving valent forces through sharing or electrons exchange between the peat and

divalent metal ions.

Ho’s second-order rate equation has been called pseudo-second-order rate.

The pseudo-second-order equation was also based on the sorption capacity of the

solid phase (Ho and McKay 1998). Currently, this model is successfully applied to

the adsorption processes of metal ions, dyes, herbicides, oils, and organics from

solutions. However, it has to be noticed that the pseudo-second-order rate equation

based on chemical adsorption cannot be suitably applied to the processes where the

driving forces is physical adsorption (case of the organics adsorption by nonpolar

adsorbents) and/or combined physisorptions/chemisorptions (case of metal ions

adsorption by carbon materials).

The pseudo-second-order adsorption kinetic rate equation is expressed as

(Ho et al. 2000):

dqt
dt

¼ k2 qeql � qt
� �2 ð5:11Þ

where k2 is the rate constant of pseudo-second-order adsorption (g ·mmol�1 · min�1).

For the boundary conditions t¼ 0 to t¼ t and qt¼ 0 to qt¼ qt, the integrated form
of (5.11) becomes (5.12), which is the integrated rate law for a pseudo-second-order

reaction:

1

qeql � qt
� � ¼ 1

qeql
þ k2t ð5:12Þ
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Equation (5.12) can be rearranged to obtain (5.13), which has a linear form:

t

qt

� �
¼ 1

k2q2eql
þ 1

qeql
tð Þ ð5:13Þ

The initial sorption rate constant, h (mmol/g min�1), as qt/t! 0 at t¼ 0 can be

defined as (Ho and McKay 1999):

h ¼ k2q
2
eql ð5:14Þ

5.4.3 Chemisorptions Kinetics Model

A kinetic equation of chemisorptions was established by Zeldowitsch (1934) to

describe the rate of gas adsorption on solids that decreases exponentially with an

increase in the amount of gas adsorbed. That is so-called Elovich equation (5.15)

(Sparks 1986):

qt ¼ αe þ βeln tð Þ ð5:15Þ

where qt (in mmol/g) is the amount adsorbed at time t, αe and βe are Elovich

constants (in mmol/g min�1).

The Elovich equation assumes that the solid surface active sites are heteroge-

neous in nature and therefore, exhibit different activation energies for chemisorp-

tions (Cheung et al. 2001). In Elovich model, (αe) is related to rate of

chemisorptions at zero coverage (initial adsorption rate) and (βe) is related to the

extent of surface coverage (desorption constant) and the activation energy of

chemisorptions. The application of the Elovich equation is rapidly gaining popu-

larity: it was successfully used, for instance to describe metal ions adsorption from

liquid phase into solid matrixes (Rudzinski and Panezyk 2002).

The differential form of (5.15) gives (5.16):

dqt
dt

¼ αe exp �βeqtð Þ ð5:16Þ

The constant αe (in mmol/g min�1) can be regarded as initial rate since dqt/dt! α
as qt! 0.

Integration of (5.16) assuming the initial boundary condition qt¼ 0 at t¼ 0

gives (5.17):

qt ¼ 1=βeð Þln 1þ αeβe � tð Þ ð5:17Þ
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To simplify the Elovich equation, Chien and Clayton (1980) assumed that

[αeβet]>> 1 and applying the boundary conditions: qt¼ 0 at t¼ 0 and qt¼ qt
at t¼ t, (5.17) gives (5.18) (Ho and McKay 2004):

qt ¼ 1=βeð Þln αeβeð Þ þ 1=βeð Þln tð Þ ð5:18Þ

The Elovich constants can be obtained from the slope and intercept of a linearized

plot of qt against ln(t).

5.5 Results and Discussion

Kinetics experimental data obtained for the Cr(III) adsorption on studied activated

carbons are presented in Figs. 5.1 and 5.2 as a function of studied carbons loading

(data presented for the adsorption runs at 40 �C). The carbon dosage was varied for
2.4, 4.8, and 16 g/L.

The results of chromium adsorbed on activated carbons were quantified by mass

balance. The following parameters were used:

Adsorption capacity of the carbon (qeql) expressed in terms of metal amount

adsorbed on the unitary adsorbent mass (mmol/g), i.e., [Cr uptake, mmol/g]:

qeql ¼
Cinit � Ceql

� �
m

ð5:19Þ
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Fig. 5.1 Kinetics (adsorption efficiency vs. time) of Cr III adsorption on modified by 1 M HNO3

Merck and 1 M HNO3 Norit activated carbons at 40 �C (data are presented for different carbon

loading)
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Adsorption efficiency of the system (R %) indicated from the percentage of

removed metal ions relative to their initial amount, i.e., [Cr Rem%]:

R % ¼ Cinit � Ceql

� �
Ceql

100 ð5:20Þ

where Cinit and Ceql are, respectively, the initial and equilibrium concentrations of

metal ions in solution (mmol/L) and m is the carbon dosage (g/L).

It may be concluded that the increasing of the carbon dosage increased the

sorption efficiency [Cr Rem %], but decreased sorption capacity [Cr uptake,

mmol/g] (c.f. Figs. 5.1 and 5.2). The decrease in adsorption capacity may be due

to the fact that some adsorption sites may remain unsaturated during the adsorption

process whereas the number of sites available for adsorption site increases by

increasing the adsorbent doses and that results in the increase of removal efficiency.

5.6 Uptake of Metal Ions on the Carbon Active Sites

5.6.1 Pseudo-First-Order Model Application
to the Experimental Kinetics Data

The rate constants (k1) were calculated from the slope of the plot of log(qeql�qt)
vs. time (t) of the Lagergren plot (5.10). The (qeql) equilibrium adsorption capacity
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Fig. 5.2 Kinetics (adsorption capacity vs. time) of Cr III adsorption on parent Merck and Norit

activated carbons at 40 �C (data are presented for different carbon loading)
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values are taken from the experimental testing on thermodynamics (data published

by authors elsewhere, Lyubchik et al. 2005).

The straight-line plots of log(qeql�qt) vs. t (Figs. 5.3 and 5.4) at different

temperatures indicate the validity of Lagergren equation for the present systems

and it indicates that the process follows first-order kinetics. The rate constants k1
were calculated from the slopes of the linear plots and are presented in Table 5.3 for

different carbon loading at different temperatures.

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

lo
g 

(q
(e

ql
)-

g(
t)

))

Time, min

0 100 200 300 400 500 600

Fig. 5.3 Lagergren plots for the adsorption of Cr III on initial Merck activated carbon at 40 �C
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Fig. 5.4 Lagergren plots for the adsorption of Cr III on modified by 1 M HNO3 Merck activated

carbon at 40 �C (data are presented for different carbon loading: open square—2.4 g/L; triangle—
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From the results it was observed that there are deviations in the k1 values with the
carbon loading. The adsorption rate increases with decrease of the carbon loading at

given temperature and rise in temperature for given carbon loading (Table 5.3). It is

evident that the adsorption of chromium on parent Merck and Norit carbons is

higher at higher temperatures, which appears to indicate that the diffusion reactions

play an important role in controlling of the adsorption process.

However, close inspection of the time-based data reveals that the situation is not

entirely straightforward. For instance, for oxidized sample Norit, the rate of the

adsorption was maximal at 40 �C (Table 5.3). This fact indicates the importance of

the chemisorptions reactions for the carbons rich by surface functionality.

5.6.2 Pseudo-Second-Order Model Application
to the Experimental Kinetics Data

A plot of t/qt vs. t was used to calculate the second-order rate constant k2
[in g/mmol min�1], the initial adsorption rate, h [mmol/g min�1], and qeql.
[mmol/g]. Data are presented in Table 5.4 for the studied adsorption systems for

different temperatures and carbon loadings.

Table 5.3 Pseudo-first-order rate constants for Cr III adsorption with various carbon loadings

Influence of temperature

T �C
k1� 10�2, min�1

[Carbon]¼ 2.4 g/L

k1� 10�2, min�1

[Carbon]¼ 4.8 g/L

k1� 10�2, min�1

[Carbon]¼ 16 g/L

Norit treated by 1M HNO3

50 0.1678 0.1243 0.0692

40 0.7162 0.1673 0.0465

30 0.3050 0.0692 0.0236

22 0.0046 0.0023 0.0014

Norit_initial

50 0.2844 0.2326 0.1451

40 0.1846 0.1857 0.1476

30 0.0697 0.1264 0.0046

Merck treated by 1 M HNO3

50 0.4412 0.1437 0.0453

40 0.1842 0.0697 0.0465

30 0.1456 0.0681 0.0230

22 0.0046 0.0023 0.0016

Merck_initial

50 0.2212 0.0827 0.0381

40 0.1178 0.0297 0.0120

30 0.0803 0.0175 0.0062
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From the results it was observed that there are deviations in the k2 values with the
carbon loading. The adsorption rate [h, mmol/g min�1] increases with decrease of

the carbon loading at given temperature for all studied carbons (Table 5.4).

The tendency for the adsorption rate with rise in temperature for given carbon

loading is different for Norit and Merck activated carbons. For parent and post-

treated Norit samples chromium adsorption is higher at higher temperatures, which

indicates the diffusion role in the adsorption process control. However, this obser-

vation is not so evident in a case of Merck carbons (what so ever of the

posttreatment) (Table 5.4). For the parent Merck carbon, it looks like, that the

adsorption rates do not change (even slightly decrease) with rise in temperature for

given carbon loading, and for post-oxidized Merck carbon the rate of the adsorption

is maximal at 40 �C. It means that for highly microporous carbon (the case of parent

Merck) or for carbon with developed surface oxygen functionalities (the case of

post-oxidized Merck), the pseudo-second-order model is not fully appropriated.

It is happening due to the fact that based on chemical adsorption this model cannot

be suitably applied to the processes where the driving forces is physical adsorption,

including capillary condensation (case of the highly microporous adsorbents)

and/or more complex the chemical reactions with surface oxygen groups (such as

ion-exchange, chelation, and lone pair electron sharing); when rise in temperature

sets off a wide range of different adsorption mechanisms.

The adsorption capacity [qeql mmol/g] of the studied carbons towards chromium

(III) ions adsorption at equilibrium conditions were also estimated based on the

results of an application of the pseudo-second-order models to the adsorption

kinetics in the studies “liquid-to-solid” systems. It was observed that adsorption

capacity decreases with increase of the carbon loading at given temperature for all

studied carbons; and it changes depending on carbon nature with rise in temperature

at given carbon loading. For the parent carbons the maximal adsorption capacities

were observed for given carbon loading at 40�C for Merck and at 50 �C for Norit;

and for their oxidized forms at 30 �C (Table 5.4).

5.6.3 Chemisorptions Elovich Model Application
to the Experimental Data

Further, the kinetic data was fitted to the chemisorptions model based on the

Elovich equation (5.15), which assumes that the solid surface active sites are

heterogeneous in nature and therefore, exhibit different activation energies for

chemisorptions. Simplified the Elovich equation (5.18) was used to test the appli-

cability of the Elovich equation to the chemisorptions kinetics description in

studied “liquid-solid” adsorption systems.

The Elovich constants, such as (αe) in mmol/g min�1, which is related to rate of

the chemisorptions and (βe) in mmol/g min�1, which is desorption constant related

to the extent of surface coverage, were obtained from the slope and intercept of the

linearized plots of qt against ln(t). Summary results are presented in Table 5.5.
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With increase in the temperature for given carbon loading, the constants αe and
βe increase showing that both the rate of chemisorptions and the available adsorp-

tion surface would increase (Table 5.5). However, in reality the Elovich kinetic

model provided excellent model fits for the Norit parent and oxidized carbons,

while for the Merck parent and oxidized carbons the kinetic process was much more

complex.

Namely, the above mentioned tendency is evident in the case of the Norit parent

and oxidized carbons. For the parent Merck carbons, where the main mechanisms

of the adsorption are physisorptions and capillary condensation, the Elovich model

shows a low degree of correlation for the adsorption kinetics results; and for the

oxidized Merck carbons, the constants αe seems to be unchangeable with temper-

ature rise (Table 5.5). Taking into account a very complex chemical nature of the

oxidized carbons, which are rich by surface oxygen functionalities (Table 5.2) it is

not surprising and connected to the huge numbers of others then chemisorptions

reactions on carbon surface (such as ion-exchange, complexes formations via metal

ions chelation with the surface active centers, and lone pair electron sharing) where

the Elovich model is not working. With decrease of the carbon loading at given

temperature, for all studied carbons, the constants αe increase and constants βe
decrease, showing that the rate of chemisorptions would increase, while the avail-

able adsorption surface decrease (Table 5.5).

5.7 Adsorption Diffusion

The external mass transfer was analyzed applying the external diffusion model to

the experimental data on adsorption kinetics. The plots (Ct/C0) against time (t)
allowed to evaluate the external mass transfer rate (β� S), min�1 by tracing the

slopes at t¼ 0, and then recalculate the external mass transfer coefficients

β, m min�1. Summary data are presented in Table 5.5.

For oxidized Norit and Merck carbons, the external mass transfer coefficients

β, m min�1 is unchangeable with rise in temperature at given carbon loadings;

while it is increased with temperature rise in the cases of parent Norit and Merck

carbons (Table 5.5). For all studied carbons (what so ever of posttreatment), the

external mass transfer coefficients β, m min�1 increase with carbon loading

increase for given temperature.

For the oxidized Norit and Merck carbons, the external mass transfer rates

[β� S], min�1 are in the range of [0.7–0.8] and [0.9–1.0] min�1 for all studies

temperatures [20, 30, 40, and 50 �C]. For the parent carbons, the external

mass transfer rates [β� S], min�1 slightly decrease with rise in temperature for

Merck parent carbon [from 0.8 to 0.7 min�1 with temperature rise from 30 to 50 �C]
and drastically decrease for parent Norit carbon [from 0.9 to 0.3 min�1 with

temperature rise from 30 to 50 �C] (Table 5.5).
The intra-particle mass transfer diffusion was analyzed using the Weber and

Morris and Urano and Tachikawa equations (5.6)–(5.8). The rate constant of
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intra-particle diffusion (Ki, mmol/g�min�0.5) was calculated from the slope of

the plot of qt vs. t
0.5 according to (5.6). The intra-particle diffusion coefficient

(Di, m
2/min) was calculated from Urano and Tachikawa equation (5.8), i.e., from

the slope of the plot of log[1�(qt/qeql)
2] vs. t. Summary data are presented in

Table 5.5.

From analysis of the results, it could be concluded that for all studied samples the

intra-particle diffusion rate constants [Ki, mmol/g min�0.5] increase with decrease

of the carbon loading at given temperature and rise in temperature at given carbon

loadings (Table 5.5). The intra-particle diffusion coefficients (Di, m2/min)

increase with rise in temperature for given carbon loadings, and it seems that Di

increase with increase of the carbon loadings at given temperature. However, there

are some deviations from this tendency for the data presented in Table 5.5.

That is most probably due to the fact that for the Di, recalculation the values

of qeql for different carbon loadings were taken from an application of the pseudo-

second-order model (Table 5.4).

5.8 Energy of Activation

The energy of activationEa for the overall chemisorptions reactions of themetal ions

into carbon’s porous structure was determined using the Arrhenius equation (5.21).

ln kads ¼ ln z� Ea

RT
ð5:21Þ

where kad is the adsorption rate constant (could be k1 (pseudo-first-order rate

constant) k2 (pseudo-first-order rate constant) or (αe)) and the other terms have

their usual meaning.

The Ea value was calculated from the slope of the plot ln kads vs. temperature.

The plots of ln kads vs. 1/T were found to be linear for the parent Merck and Norit

carbons only, while there were the deviation for their oxidized forms (c.f. Figs. 5.5

and 5.6, example is given for the calculation based on the rate constant of the

pseudo-first-order rate constant).

The Ea values calculated from the slope of the plot are summarized in Table 5.4.

The relatively low activation energy for the adsorption on parent Merck and Norit

activated carbons indicated that Cr(III) adsorption on the carbon surface of low

functional groups are coupled diffusion-controlled and physisorptions process.

Whereas, relatively high Ea values for the oxidized samples are related to the

adsorption process controlled by chemical reactions. However, it has been noted

that due complex physisorptions/chemisorptions operation mechanisms for the

metal ions adsorption inside the porous matrixes rich by functional active sites

(i.e., nonlinear behavior presented in Fig. 5.6), the given Ea values for the post-

treated are approximated, i.e., have just a tentative, indicative character (Table 5.6).
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Fig. 5.5 Arrhenius plots for the Cr III adsorption on parent Norit and Merck activated carbons
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Fig. 5.6 Arrhenius plots

for the Cr III adsorption on

modified by 1 M HNO3

Norit and 1 M HNO3 Merck

activated carbons

Table 5.6 The activation

energy of Cr III adsorption

by studied activated carbons

Eakt (kJ mol�1)

Carbon loading

2.4 g/L 4.8 g/L 16 g/L

Merck_1M HNO3 116.5345 110.5814 93.2209

Norit_1M_HNO3 83.2353 92.9049 94.8173

Merck_init 37.0448 36.3422 75.0108

Norit_init 84.3079 51.3081 94.6427
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5.9 Adsorption Dynamic Models

In general sense, the adsorption dynamics deals with the time evolution of adsorp-

tion processes in industrially used adsorption units (such as the adsorbers, fixed-

beds, and flow-through columns).

The systematic study of the dynamic behavior of systems is the object of Systems
Dynamics (SD) aimed at the process control. When the dynamic behavior is

concern, the accumulation terms (derivatives in order to time) are never dropped

from the model equations (balances). Then, the differential equations (ordinary or

partial) could be obtained.

In present work, the effects of perturbations on input variables in the systems

responses were studied to devise control actions which are able to react to the

undesired perturbations in the system. According to the systems complexity (which

is related with their dynamic behavior), they were classified into two categories:

• Lumped parameter systems. The intensive properties are independent of the

position within extensive property of the system (commonly, that is volume),

i.e., the intensive properties within the system change with time only. In this

case, ordinary differential equations (ODE’s) could be obtained. According to

the order of the ODE’s model, the system itself is called of first order, second

order, etc.

• Distributed parameter systems—the intensive properties are changed both with

the system position and time. In this case, partial differential equations (PDE’s)

could be obtained for the system model.

Some examples of both systems are given below with an explanation how the

respective systems can be classified and what is their expected dynamic behavior.

For any of the conservative property (mass, energy, momentum, etc.) in any

system, the general framework for balances is postulated as:

amount inð Þ ¼ amount outð Þ þ accumulationð Þ ð5:22Þ

The foregoing equation is valid for total mass. It is know (since Lavoisier) that,

although total mass is conserved, it is not always true for the mass of a given

component, since if a chemical reaction is going inside the system, the component

can be consumed (if it is a reactant) or produced (if it is a product).

Then, more useful way of writing the general conservation balance, including

component mass balances when chemical reactions are present, is the following:

amount inð Þ þ productionð Þ ¼ amount outð Þ þ accumulationð Þ ð5:23Þ

The general (5.23) was applied to model the adsorption dynamics in the studied

systems at “liquid–solid” interface taking into account the following approxima-

tion: conservation equations; equilibrium relations; kinetic (physical, chemical)

rate expressions; initial and boundary conditions.
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The studied systems were considered as Distributed parameter systems and the

following two models were proposed to describe adsorption kinetics and dynamics

at “solid–liquid” interface:

1. The heterogeneous model for batch experiment including intra-particle mass
transfer diffusion via Partial differential equation (5.22):

ε pD p

∂2
cp

∂r2
þ 2ε pDp

r

∂cp
∂r

¼ ε p

∂cp
∂t

þ ρap
∂q
∂t

ð5:24Þ

with initial conditions: t ¼ 0 cp ¼ q ¼ 0

Boundary conditions: r ¼ 0 ∂c p

∂r
¼ 0

r ¼ R c p ¼ c

Vliq

∂c p

∂t

����
r¼R

¼ �3

R

mc

ρap
ε pDp

∂cp
∂r

����
r¼R

2. The heterogeneous model for dynamic mode including external and intra-particle
mass transfer diffusions via Partial differential equations (5.24) and (5.25):

U0

∂c
∂ζ

þ ε
∂c
∂t

þ 1� εð Þk f a p c� csð Þ ¼ εDax

∂2
c

∂ζ2
ð5:25Þ

ε pD p

2

r

∂cp
∂r

þ ∂2
cp

∂r2

 !
¼ ε p

∂cp
∂t

þ ρap
∂q
∂t

ð5:26Þ

Conditions

Initial conditions: t ¼ 0
c 0; ζð Þ ¼ c0, ζ ¼ 0

0, 0 < ζ � L

	
, c p 0; ζ; rð Þ ¼ c0, ζ ¼ 0, r ¼ R

0, Else

	
,

q ¼ 0

Boundary
conditions:

ζ ¼ 0
U0c0 ¼ U0c� εDax

∂c
∂ζ

ζ ¼ L ∂c
∂ζ

¼ 0

r ¼ 0 ∂cp
∂r

¼ 0

r ¼ R
k f c� csð Þ ¼ εpDp

∂cp
∂r

����
r¼R

where εp is the particle porosity, ε is the bed porosity,Dp is the diffusivity, cm
2 s�1,

Dax is the dispersion coefficient in flow direction, cm2 s�1, cp is the solute

concentration in particle, g cm�3, c is the solute concentration in bulk, g cm�3,

c0 – initial (inlet) solute concentration, g cm
�3; cs is the solute concentration in film,

g cm�3, ρap is the apparent density of carbon, g cm
�3, q is the solute concentration
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in adsorbed phase, g/g, t is the time, s, Vliq is the volume of solute, cm3, R is the

particle radius, cm, u0 is the superficial velocity, cm s�1, kf is the filmmass transfer

coefficient, cm s�1, and aap is the particle specific area, m
2/g.

Based on the results obtained from the analysis of the experimental data

on the adsorption kinetics studies by applying the pseudo-first-order, pseudo-

second-order, chemisorptions kinetics, external and intra-particle mass transfer

diffusion models and by using additional systems dynamics modeling approach,

the main limiting step for an overall adsorption process was evaluated for given

adsorption systems at “liquid–solid” interface.

It was concluded that the metal ions transfer from the adsorbent surface to the

intra-particle actives sites is the rate limiting step for the adsorption process at

“liquid–solid interface” (Fig. 5.7).

5.10 General Remarks

All the studied carbons adsorbed appreciable amount metal ions under chosen

experimental conditions, but the adsorption efficiency of the carbons is strongly

influenced by their texture and surface functionalities.

The effect of the texture is related to the carbon porous structure, particularly to

the accessibility of the adsorbent internal surface for large-size high-hydrated metal

ions (e.g., 0.922 nm for [Cr(H2O)6]
3+). The diameters of the micropores less than

1 nm are inaccessible for high-hydrated metals ions adsorption. The absolute value

of the apparent surface area seems to be less important factor, which has the highest

surface area of ca. 1020 m2/g (case of the parent Merck carbon) was less efficient

Fig. 5.7 KINETICS of the ADSORPTION at “LIQUID-SOLID” INTERFACE
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for Cr(III) ions adsorption. This fact emphasizes the dominating role of pore size

distribution in the adsorption kinetics for the activated carbons of poor surface

oxygen functionality.

Oxidation by nitric acid essentially modifies the structure of the initial activated.

The specific surface area decreases due to partial destruction of the initial micro-

pores along with the formation of the mesoporous structure. This observation is

more evident in case of the materials post-treated with 13 М HNO3 when a degree

of oxidation is deeper. Considering purely physisorptions process, an increase of

the pore size should increase an uptake of the metal ions. Among all the studied

carbons, the oxidized Merck carbon with predominantly microporous structure and

developed surface oxygen functionality exhibited the highest efficiency in metals

adsorption. In this case, along with the development of the mesoporosity, one could

see the dominant influence of the surface oxygen functionality on the adsorption

process. The adsorption increases when the carbon surface is oxidized, although the

nature and the amount of the surface oxygen groups play an important role in the

adsorption process. It should be mentioned that an oxidation of the parent carbons

with 1 M HNO3 increased significantly the concentration of functional oxygen

groups, especially carboxylic ones and oxidized carbons are more efficient for the

metal ions adsorption, confirming the importance of chemisorptions processes.

It has been observed that the adsorption efficiency of the studied carbons

increases and their adsorption capacity decreases with carbon loading. The reduc-

tion of the sorption capacity is related to the fact that some of the active centers

remain unsaturated during adsorption process. However, with increase in carbon

loading, the absolute amount of those active centers increases resulting in increase

of the overall sorption efficiency of the systems. The established fact specifies that

in case of the static mode of the adsorption (batch mode) there is an optimum

carbon loading which limits the metals uptake/removal. For the studied systems, the

adsorption efficiency of the activated carbon grows continuously up to 6–8 g/L of

carbon loading. Further an increase of the carbon loading did not affect the

adsorption process and the chromium removal [Cr Rem% parameter] remains

practically constant. Adsorption capacity [Cr uptake, mmol/g parameter] is sharply

falling with increase in carbon loading up to 8 g/L, and then it’s smoothly changes

for the higher carbon content in the adsorption systems.

Therefore, in a present work a number of physicochemical characteristics of the

activated carbons, such as pore size and shape; pore volume, surface area; particle

size and bulk density; functionality of surface; chemical inertness are compared

with the results of the adsorption kinetics testing. The following parameters for the

optimal removal of metal ions by activated carbons are established:

1. The presence of the oxygen functional groups, mainly carboxylic ones.

2. Optimum balance of the micro/mesopores for easy access to the adsorbent’s

internal surface for high hydrated metal ions. (It is especially significant for the

carbons with a lack of oxygen functional groups.)
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3. Sufficient time of contact of the components for establishment of real adsorption

equilibrium in the systems. This requirement is especially significant for carry-

ing out adsorption process in a static mode.

4. For given adsorbents, there is an optimum content in the system (loading) when

further increase of its concentration does not result in increase of its adsorption

capacity towards heavy metals adsorption.

Optimization of conditions of the adsorption process in accordance to the

suggested parameters allows making favorable the activated carbons usage in real

industrial scale at “solid–liquid” interface, when the balance of cost/efficiency for

heavy metals removal should be provided.

5.11 Conclusion

Due to the unquestionable fact of enormous complexity, which is inherent to the

adsorption phenomena at various interfaces, the kinetics studies and appropriate

models choice to the data analysis would help to gain insight, which is often very

difficult or impossible to obtain by other means, on overall dynamic behavior of the

adsorption systems at different interface aiming at the overall process control.

It was concluded that in a case of “liquid–solid” interface for the heavy metal

ions adsorption on activated carbons the adsorption diffusion and chemisorptions

reaction models should be considered for the adsorption kinetic parameters evalu-

ation; namely: (a) external mass transfer of the adsorbate from the liquid phase to

the adsorbent surface; (b) internal (or interparticle) diffusion of the adsorbate from

the surface of the adsorbent into the porous structures; (c) physisorptions of the

adsorbate on the adsorbent surface; and (iv) chemisorptions of the adsorbate on

active sites of the adsorbent, i.e., chemical reactions between adsorbate and adsor-

bent inside porous structure of the adsorbent. The chemical kinetics data allowed

evaluating the rate of metal ions chemisorptions inside the porous structure and also

determining the structural factors of the carbon surface, which are affected the

chemical reactions rate. It was observed that the adsorbent’s physical (porous

texture) and chemical (surface functionality) characteristics drastically affected

the adsorption kinetics along with the adsorption runs conditions (in present work

temperature and the adsorbents loading).

Based on the obtained results on the adsorption kinetics data analysis and on data

obtained using the systems dynamics modeling approach (derivatives in order to

time) it was also concluded that intra-particle mass transfer diffusion of the metals

ions form liquid phase into microporous carbon structure is the rate limiting step for

the overall adsorption process at “liquid–solid” interface.
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Part II

Remediation of Contaminants and
Recovery of Secondary Resources with

Socio-Economical Value



Chapter 6

Electrochemical Process for Phosphorus
Recovery from Water Treatment Plants

Nazaré Couto, Margarida Ribau Teixeira, Paula R. Guedes,

Eduardo P. Mateus, and Alexandra B. Ribeiro

6.1 Introduction

6.1.1 Background

Waste strategy from EU Member States goes to the enhanced utilization of

secondary resources avoiding, at the same time, its landfill disposal. However,

available technologies to fulfill the requirements of this strategy are scarce.

Assuring the levels of staple food that accomplish the population growth is

secured by sufficient levels of nutrients on agricultural soil. Phosphorus is an

essential, limited resource that cannot be replaced by any other element.

Eutrophization in aquatic ecosystems has several environmental and socio-

economical impacts such as loss of biodiversity and suitability of aquatic systems

for drinking water and recreation use. But, and although phosphorus can be

considered a contaminant, it is also an element of vital importance for the environ-

ment. Thus, the development of technologies for phosphorus recycling is an

inevitable consequence of the non-renewability of rock phosphate and the

non-substitutability of phosphates in agricultural production. Phosphate stocks
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(economically minable deposits divided by actual annual consumption) are

estimated for one century (Steen 1998; Cordell et al. 2009).

To deal with the future economic and environmental problem, the ability to

understand where phosphorus losses can be avoided or where is viable to recover it

will be a huge step in reducing not only its impacts in the environment, but also to

allow its recovery for further reuse guaranteeing future food security.

6.1.2 Algal Blooms and Production of Cyanotoxins

The increased fluxes of nutrients arriving to water bodies is one of the main factors

to promote the existence of cyanobacterial blooms (Corbel et al. 2014). One

fundamental cause of phosphorus loading is the inefficient fertilizer use in crop

production. When phosphorus fertilization exceeds its removal by the crop, most of

the surplus will remain in the soil and added to the phosphorus reserve (Hooda

et al. 2001). Soils with excessive phosphorus reserves in turn pose the highest risk

to the environment (Yli-Halla et al. 1995), mainly linked to the hydrological cycle,

where rain events can erode the soil enriched with this element into water bodies.

In 2001, it was determined that for Portugal, although the trophic status is only

known to 55 % of the larger reservoirs, 4 % proved to be oligotrophic

(P total> 10 mgP/m3), 28 % mesotrophic (10 mgP/m3< P total< 35 mgP/m3), and

23% eutrophic (P total> 35mgP/m3). In the case of Portuguese Azores islands, from

their 24 lakes, almost 50 % are eutrophic, 9 mesotrophic, and 4 oligotrophic (SRAM,

Secretaria Regional do Ambiente e do 2011). Considering that most lakes indicate a

consistent increase in the level of the trophic state, the ability to succeed in combating

lake eutrophication by the involvement and cooperation of local inhabitants, small

factories, and farmers in reducing phosphorus discharge is very important.

Several freshwater bodies in the world (including reservoirs, lakes, and rivers),

used for recreational or drinking purposes, have been found to have hepatotoxic

blooms with production of microcystins (MC) such as MC-LR, MC-YR, and

MC-RR, mostly related to the dominance of Microcystis aeruginosa (Meriluoto

1997). The presence of high concentration of MC-LR in freshwater sources is a

worldwide problem (Sivonen and Jones 1999). Australia, Brazil, China, Ireland, and

Italy are some of the countrieswithMC-LR concentrations above legislation threshold

from drinking water supply (Corbel et al. 2014). For example, the highest value

reported in China was of 1556 μg/L (Ueno et al. 1996). World Health Organization

(WHO) recommends a guideline value of 1 μg/L forMC-LR in drinking water (WHO

2004). Cyanotoxins may enter in the food chain through many routes. By the use of

water from sources with cyanobacterial blooms and toxins for spray irrigation leading

to uptake into the food chain and toxin accumulation on the external surfaces of edible

plant material (Corbel et al. 2014). Cyanobacterial blooms have been used as organic

fertilizers in some countries (Chen et al. 2006a, b) which may represent an additional

source of microcystins in the food chain.

Cyanobacteria are prokaryotic cells, phototropic and oxygenic that exists sym-

biotically with other organisms in natural environments (Carmichael 1994).

If nutrient and climatic conditions are optimal, toxic cyanobacteria blooms develop
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in a fast way. They may compromise the water quality in lakes, rivers, and estuaries,

thus affecting human consumption, support of aquatic life, recreational activities,

and agriculture (Carmichael 1994). Some freshwater cyanobacteria release toxins

when cells died or lyse that irreversibly inhibit serine/threonine protein phospha-

tases 1 and 2A (Yoshizawa et al. 1990).

MCs are peptides with seven amino acids connected via peptide bonds in a cyclic

configuration. This high molecular weight toxin has a hydrophilic character. MCs

contain one unique amino acid in the C20 position, 3-amino-9-methoxy-2,6,

8-trimethyl-10-phenyldeca-4,6-dienoicacid (Adda) (Meriluoto 1997). The Adda

moiety is not toxic if alone, but the hydrophobicity and stereochemistry of

the Adda chain is critical in the biological activity of MC (Harada et al. 1990;

Antoniou et al. 2008).

Different types of toxins exist depending on the radical groups, due to the

variations of the a-amino acids found only at positions 2 and 4. For themost common

and toxic variant of MCs (Sharma et al. 2012), MC-LR (Fig. 6.1), LR stands for

leucine (L) and arginine (R) (Antoniou et al. 2008). MC-LR has an octanol/water

distribution coefficient logarithm (log Dow) between 2.18 for pH 1 and �1.76 at pH

10 (Maagd et al. 1999; Ribau Teixeira and Rosa 2006).

The charge ofMC depends on the structure of each derivate (Antoniou et al. 2008).

MC-LR has a D-methylaspartic acid and a D-glutamic acid both being ionized to the

anionic carboxylate forms (pKa of 2.09 and 2.19) and also contains an L-arginine unit

with a basic amino group (pKa of 12.48) (Ribau Teixeira and Rosa 2006; Liao

et al. 2014). As so, MC-LR is singly positively charged in a pH lower than 2.09.

With increasing pH (between 2.19 and 12.48), MC-LR loses the two protons from the

carboxylic groups, presenting an overall charge of�1 whereas at extremely basic pH

(>12.48), MC-LR loses the proton from the protonated basic group presenting an

overall charge of �2 (Maagd et al. 1999; Antoniou et al. 2008; Liu et al. 2008).

Fig. 6.1 Structure of MC-LR (Meriluoto 1997)
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6.1.3 Removal of Cyanotoxins

After being released from the cells, microcystins may persist in aquatic environment

for weeks. But cyanotoxinsmay also be retained on sediments or suspended particles

(Corbel et al. 2014 and references therein). Thirumavalavan et al. (2012) reported

that the adsorption of MC-LR onto natural organic matter (NOM) and suspended

solids was influenced by turbidity, humic acid, organic matter content, and other

pollutants. The MCs were reported to adsorb to suspended particulate matter at

acidic and neutral pH (3 and 7) with adsorption decreasing at elevated pH (pH 13),

fact explained by the pH-dependent hydrophobicity (Liu et al. 2008).

In the absence of other substrates, exposure to solar irradiation presents low effect

on MC degradation as MC-LR are stable due to their cyclic structure. When the MC

is exposed to a UV light with a maximum absorption of 238 nm, degradation may

occur. However, the presence of humic substances, dissolved organic matter or

pigments may transform MCs through photosensitized reaction (Tsuji et al. 1994;

Robertson et al. 1999; Welker and Steinberg 2000; Hayakawa and Sugiyama 2008;

W€ormer et al. 2010; Thirumavalavan et al. 2012; Yan et al. 2014). This reaction

involves the photolysis of photosensitizers forming singlet stats and then crossing to

the triplet excited state which will react with dissolved oxygen forming reactive

oxygen species (1O2,
·OH, and O2

�) (Burns et al. 2012; Yan et al. 2014) that may

oxidize organic contaminants. The excited states may also directly decompose

organic contaminants (Wenk et al. 2011; Yan et al. 2014). Several literature report

the photodegradation of MC-LR. Thirumavalavan et al. (2012) reported that at

254 nm the turbidity only affected the pattern of photodegradation curves but not

the rate of photodegradation whereas at 365 nm high turbidity decreases the rate of

photodegradation. Yan et al. (2014) studied the effect of adsorption on indirect

photodegradation and reported the photosensitized transformation of MC-LR in

solutions enriched with dissolved organic matter under solar simulated irradiation

(MC-LR adsorbed on the dissolved organic matter). It was also observed an

increased phototransformation with decreasing pH, fact explained by the adsorptive

interaction of MC-LR with the dissolved organic matter (Yan et al. 2014). As at

alkaline condition, the surface of dissolved organic matter is dominated by negative

charges and the glutamic and methyl aspartic acids of MC-LR are deprotonated, the

repulsive force between both will increase leading to a reduced effect of sorption

whereas at acidic pH the charges of organic matter are neutralized (Yan et al. 2014).

Jacobs et al. (2013) also reported photocatalytic degradation of MC-LR in aqueous

solution. Despite MC-LR being degraded by photolysis under UV-C radiation,

photolysis usually only causes small conformational changes in the functional

groups that are located on the Adda residue whereas photocatalysis induces higher

degrees of degradation (Jacobs et al. 2013).

For drinking water purposes, the removal of MC-LR may be carried out using

chemical oxidants such as chlorine dioxide, chlorine, monochloroamine, ozone,

and permanganate (Sharma et al. 2012; Chang et al. 2014) that can reduce toxicity

namely through the oxidation of the Adda side chain (Chang et al. 2014 and
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references therein). But some oxidation intermediates and by-products were already

identified in some oxidation processes (Antoniou et al. 2008; Chang et al. 2014)

which may compromise the total effectiveness of this methodology.

Other way to decrease MCs levels is through the electrogeneration of highly

reactive hydroxyl radicals (·OH) (Liao et al. 2013, 2014; Wang et al. 2013).

Advanced oxidation processes such as ultraviolet radiation alone or combined

with hydrogen peroxide, Fenton reaction, ultrasonic irradiation, and photocatalytic

oxidation in the presence of titanium dioxide and ferrate have also been used

(Sharma et al. 2012; Jacobs et al. 2013; Fang et al. 2014; Liao et al. 2014; Fotiou

et al. 2015). For example, TiO2 photocatalysis (Loo et al. 2012) is based on

electron/hole pairs and highly oxidizing ·OH radicals which leads to oxidation

and mineralization of organic pollutants. TiO2 photocatalysis is a “green” technol-

ogy as it is cost-effective, inert photocatalyst do not require chemical additives and

do not generate hazardous waste (Antoniou et al. 2008).

Other combined technologies have been developed. Fraga et al. (2009) promoted

in situ generation of chlorine by direct oxidation of chloride on an electrode based

on Ti/TiO2 by applying a controlled current density from 5 to 30 mA/cm2 and UV

irradiation and reported that photoelectrochemical oxidation of chloride indicates to

be effective to degrade microcystins from surface waters. Nevertheless, the author

suggests further studies to test the formation of chlorinated by-products (Fraga

et al. 2009). The electrochemical degradation behavior of MC-LR in aqueous

electrolyte at boron doped diamond (BDD) anode under neutral pH condition was

also reported (Liao et al. 2014). The removal of MC-LR through an electro-

oxidation process was also reported by Tran and Drogui (2013) that tested param-

eters such as current density, reaction time, anode material, and type of supporting

electrolyte. It was reported that current density and type of anode material were

important for MC-LR degradation efficiency whereas the type of sodium salts

influenced the removal efficiency. Direct anodic oxidation was the main responsi-

ble for MC-LR degradation and 98 % removal was achieved for 60 min, 38 mA/cm2

and recycling rate of 0.1 L/min, Ti/BDD anode and sodium sulfate.

Membrane filtration has also been used to remove micropollutants like

cyanotoxins and pharmaceuticals (Ribau Teixeira and Rosa 2005; Nghiem and

Hawkes 2007; Verliefde et al. 2009), as well as multivalent ions and NOM

(Ribau Teixeira and Rosa 2005, 2006). The membrane acts as a physical barrier,

allowing the separation from the water the suspended solids and dissolved mate-

rials, depending on its type and operational conditions (Mulder 1997).

For microcystins removal, membrane pressure-driven processes like ultrafiltration

(UF) and nanofiltration (NF) have been used (Ribau Teixeira and Rosa 2005, 2006;

Gijsbertsen-Abrahamse et al. 2006; Lee and Walker 2008; Dixon et al. 2010;

Teixeira and Rosa 2012). NF with lower pore diameter than UF (<2 nm) retains

organic compounds with low molecular weight. Results indicate high removals of

microcystins, especially using NF membranes (Ribau Teixeira and Rosa 2005,

2006; Gijsbertsen-Abrahamse et al. 2006). For UF, removals varied between

35 and 66 % (Lee and Walker 2008) without any pre-treatment, and 82 % using

the hydride membrane process PAC/UF for 10 mg/L PAC (Campinas and Rosa
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2010). The main microcystins removal mechanism for NF was size exclusion

(Ribau Teixeira and Rosa 2005, 2006), while for UF adsorption played an important

role due to hydrophobic interactions or hydrogen bonding (Lee and Walker 2008).

In membrane processes, the feed stream is divided in two streams, the permeate

and the concentrate streams. In a Water Treatment Plant (WTP), the permeate

stream is the treated water. The concentrate stream has a large organic fraction

and/or high toxic compounds. As in NF toxins are not destroyed, this toxin-enriched

stream may represent an environmental problem if not adequately treated or

disposed (Sharma et al. 2012). In fact, most of the studies in drinking water focus

on quality and effectiveness of the water treatment plants (Van Hege et al. 2004),

and few studies focus on the concentrate streams. Additionally, cyanobacterial

blooms are associated with nutrient enrichment of surface waters which may be

removed by NF membranes when this treatment is used, as already stated

(Niewersch et al. 2008; Leo et al. 2011; Cathie Lee et al. 2014; Santos et al. 2014).

6.1.4 Electrokinetic and Electrodialytic Processes
to Promote Phosphorus Recovery

Electrokinetic (EK) process is induced in porous media through the application of a

low-level electric field and will promote the movement of species towards one of the

electrode compartments, from where they can be removed. The main mechanisms

responsible for the movement are electromigration, electroosmosis, electrophoresis

and, in the specific case of electrodialytic (ED) process, also electrodialysis. In ED

process, ion exchange membranes are placed as separators between the processing

solutions surrounding the electrodes and the matrix to be remediated/upgraded. By

having a main transport of ions out of the porous media, EDmay enhance separation

significantly. The electrode reactions will conduct to the production of H+ ions at the

anode and OH� ions at the cathode changing pH in these compartments, but the pH

of the central compartment should not change significantly due to the unidirectional

flux of ions towards the electrode compartments.

The recovery of phosphorus using EK/ED process is based on the principle that

phosphate exists as anionic species unless the pH is strongly acid. Phosphorus has

four speciation species corresponding to acidity constants of 2.12, 7.2, and 12 (pKa,
298 K), according to (6.1)–(6.3).

H3PO4 aqð Þ þ H2O lð Þ Ð H3O
þ

aqð Þ þ H2PO4
�

aqð Þ pKa1 ¼ 2:12 ð6:1Þ

H2PO4
�

aqð Þ þ H2O lð Þ Ð H3O
þ

aqð Þ þ HPO4
2�

aqð Þ pKa2 ¼ 7:21 ð6:2Þ

HPO4
2�

aqð Þ þ H2O lð Þ Ð H3O
þ

aqð Þ þ PO4
3�

aqð Þ pKa3 ¼ 12:67 ð6:3Þ
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When phosphoric acid is present, there is no electric charge and phosphorus is

unaffected by the electric field. At higher pH, ionic species predominates. As so, in

the presence of an electric current, phosphate, and other anions selectively accu-

mulate in the anolyte.

EK and ED processes had been used and proved to be successful for the recovery

of phosphorus from other matrices such as sewage sludge (Guedes et al. 2015) and

sewage sludge ashes (Guedes et al. 2014; Ottosen et al. 2014a).

6.2 Case Study

6.2.1 Aims and Scope

Water is considered the foundation of sustainable development as it is the common

denominator of all global challenges. For this reason, it becomes necessary to

implement integrated and safe sequences in WTP that promote water treatment

while searching for phosphorus recovery. The study focused on the development of

alternatives to recover from slurries compounds with value as fertilizer together

with the separation or removal of unwanted compounds, so they disposal costs

could be diminished, opening new possibilities for waste minimization.

A process to recover phosphorus from NF concentrate was tested using ED

process.

6.2.2 Experimental

6.2.2.1 Production of Membrane Concentrate

Two Portuguese Dam reservoirs Amoreiras (101.2 km2 and 11 hm3, Alentejo) and

Funcho (200 km2 and 42.8 hm3, Algarve) were used as NF feed water.

Microcystins, extracted from cultures of M. aeruginosa grown in laboratory (sup-

plied by Pasteur Culture Collection), were added to the surface water (10 μg/L)
since no occurrence of cyanobacterial blooms was reported during the experimental

period. Potassium dihydrogen phosphate (2.2 mg/L) of KH2PO4 was also added.

The production of membrane concentrate was carried out using a plate-and-frame

unit (Lab-unit M20) (Ribau Teixeira and Rosa 2005) and a thin film composite

NF/RO membrane, NF90 (DowFilmtec), at 10 bar.

6.2.2.2 ED Experiments

The experiments were carried out in laboratory cells, running experiments with

different conditions. The design in Fig. 6.2a (Ribeiro 1998) is divided into three
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compartments (3C cell), consisting of two electrode compartments (each one with

an electrode) and a central one, in which the membrane concentrate was placed. The

three compartments were separated by ion exchange membranes (cation exchange

membrane, CAT, IC1-61CZL386, and anion exchange membrane, AN,

IA1-204SXZL386, both from Ionics Inc., Massachusetts, USA). The design in

Fig. 6.2b (Ottosen et al. 2014b) is divided in two (electrode) compartments

(2C cell), separated by an anion exchange membrane (AN similar to the previous

one). Membrane concentrate was placed in the cathode compartment. Platinized

titanium bars (3 mm diameter and 5 cm length; Bergsøe Anti Corrosion A/S,

Denmark) were used as electrodes. Electrolyte solution (10�2 M NaNO3; pH 7)

was circulated in a closed circulation system. A power supply (Hewlett Packard

E3612A) was used to maintain a constant DC current.

Control experiments with no current applied and to assess MC-LR

photodegradation, and electrodegradation were carried out.

6.2.2.3 Analytical Methodologies

Phosphorus was analyzed by ICP-OES at 178 nm. MC-LR extraction was carried

out according to the method described elsewhere (Ribau Teixeira and Rosa 2005)

and followed the operating procedure developed by Meriluoto and Spoof (2005).

MC-LR was determined by HPLC-PDA and chromatograms were analyzed

between 180 and 900 nm, with a main detection at 238 nm to the typical absorption

spectra of microcystins.

6.2.3 Discussion

6.2.3.1 Membrane Concentrates

The concentrate from NF presented cyanotoxins (MC-LR), phosphorus, and the

water background inorganic and organic matrix (NOM). It was found that phos-

phorus removal using NF is high, assuring a high-quality water regarding this

parameter (Santos et al. 2014). Table 6.1 summarizes the characteristics of treated

some of the produced membrane concentrates (Santos et al. 2014).

Fig. 6.2 Electrodialytic cell designs used: (a) three compartments, 3C and (b) two compartments,

2C (adapted from Couto et al. 2015)
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Other membrane concentrates were produced and the details as well as the

characteristics can be seen elsewhere (Couto et al. 2013, 2015; Santos

et al. 2014). High removals of cyanotoxins were achieved by NF and the quality

of the permeate was guaranteed. Good removal efficiency of phosphorus had also

been reported using NF elsewhere (Niewersch et al. 2010; Leo et al. 2011; Bl€ocher
et al. 2012). In fact, this process could be combined with other technologies to

recover phosphorus like, for example, low pressure wet oxidation for sewage sludge

decomposition and phosphorus dissolution plus NF to separate phosphorus from

heavy metals (Bl€ocher et al. 2012).

6.2.3.2 Suitability of ED Process to Recover Phosphorus

and Decrease MC-LR Levels

The duration of ED experiments were related to the applied current intensity and the

characteristics of membrane concentrate (Table 6.2). Figure 6.3 shows the percent-

age of phosphorus recovery at the anode compartment.

Table 6.2 Characteristics

and duration of ED

experiments

Exp. Conc. number Current (mA) Duration (h)

A 1 10 7

B 1 20 5

C 2 10 8

D 3 20 6.5

Fig. 6.3 Percentage of phosphorus recovered in the anode compartment in different experiments

(adapted from Couto et al. 2013, 2015)
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In the presence of a 3C cell design, the pH after ED process remained similar

(around 8) or slightly decreased as anion exchange membranes are not perfect

rectifiers, allowing the passage of some H+ ions. Also, water splitting at the anion

exchange membrane may also have contributed to the supply of H+ to the central

compartment (Simons 1979, 1984; Ottosen et al. 2000). In the 2C cell design pH of

membrane concentrate was up to 12. Under pH between 7 and 9, the forms H2PO4
�

(97 g/mol and a Stokes radius of 0.256 nm) and HPO4
2� (96 g/mol; 0.323 nm) are

present, with an increase of HPO4
2� fraction with higher pH of membrane concen-

trates. When in its anionic forms, phosphorus electromigrate from the membrane

concentrate (either in central or in cathode compartment) towards the anode

compartment (Couto et al. 2013, 2015).

The phosphorus migration was observed after a lag period in both cases (Couto

et al. 2013, 2015). In general, in the tested conditions almost no movement of

phosphorus was observed during the first hours (Couto et al. 2013, 2015). The

observed lag time period was related to the time needed to promote the movement

of charged particles and thus the time required for the appearance of phosphorus in the

anode compartment. In 6.5 h ca. 72 % of phosphorus (Couto et al. 2013) was found in

the anolyte. The behavior of phosphorus migration may help a cost-benefit analysis of

the best time to perform the nutrient recovery, according to, e.g., the characteristics of

membrane concentrates (e.g., conductivity) (Couto et al. 2015).

In all experiments with the presence of electric field, the conductivity in the

central compartment decreased (in comparison with the initial value) due to the

movement of ions towards the electrode compartments (Couto et al. 2013, 2015).

In electrode compartments the conductivity increased, namely in the anode com-

partment due to the amount of phosphate ions and/or other species like carbonates,

sulfates, chlorides, etc. Phosphorus migration towards the anode compartment had a

maximum of 84 %. In most cases, migration was around 70–80 % but was also low

such as 32 % (Couto et al. 2013, 2015). The different removals were mainly

dependent on the applied current, membrane concentrate characteristics, and time

to perform ED process. NF concentrates with similar characteristics presented

comparable amount of phosphorus recovery. But membrane concentrates with

lower conductivity accelerated phosphorus mobilization as they most likely have

less “competing species” to phosphorus ions thus benefiting its migration (Couto

et al. 2015). When no current was applied, phosphorus mobilization towards the

electrode compartments was very low.

In all cases, as the ED process was applied without conditioning, electrolysis

reactions at the electrodes generated an acidic medium (H+) at the anode compart-

ment and an alkaline medium (OH�) at the cathode compartment. The use of ion

exchange membranes allowed the migration of anions to the anode compartment

and cations to the cathode compartment. The severe pH decrease at the anode

compartment puts phosphorus in the forms H3PO4/H2PO4
�.

ED process also showed potential to decrease MC-LR concentrations in the NF

concentrate (Couto et al. 2015). The pH of membrane concentrates at the beginning

of the experiments (approx. 8) puts MC-LR in the form of a negatively charged ion

that can migrate towards the anode compartment, where it may degrade.
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In the absence of an electric field MC-LR migrated, probably by diffusion, to the

lateral cell compartments, either in 2C or 3C cell designs. In the electrodegradation

control carried out with a different cell design (beakers and saline bridge), MC-LR

concentration was negligible in all compartments and hydrogen peroxide was

detected (10 mg/L). Indirect photodegradation also appears as a mechanism to

decrease MC-LR levels, as observed in the photodegradation control.

Summing-up, in the tested conditions, the ED process showed potential to

produce a clean phosphorus product while promoting a significant decrease in

MC-LR concentrations in the NF concentrate. In some cases, this value was

below the WHO guideline for MC-LR.

6.3 Conclusions and Final Remarks

NF treatment has already been applied to water treatment. This process produces a

concentrate stream that can be dangerous if it contains contaminants, such as

microcystins. However, this stream could also be a valuable phosphorus source

that cannot be directly applied in agricultural soils due to the presence on unwanted

compounds. Consequently, phosphorus has to be removed for further reuse. For

this, NF coupled to ED can be a feasible option to recover phosphorus as here

described. The presence of electric field also promotes the movement/degradation

of MC-LR, decreasing the dangerousness of the concentrate slurry.

This work demonstrated that, in tested condition, ED recovered up to 84 % of

phosphorus and reduced MC-LR content, mainly through its electromigration

towards the anode compartment where it may degrade. Still, more tests are needed

to achieve optimum conditions for phosphorus recovery and MC-LR degradation,

namely to scale-up the process that may start to be part of water treatment plants.

Other strategies should also be taken into account balancing parameters such as life

cycle costs, energy consumption, availability, resource use and pollution, in order

to make the process economically viable.

The results of this study may be used worldwide in water treatment. The removal

of contaminants from water and slurries is a transversal and broad approach to

increasing environment quality and consequently human health.
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Chapter 7

Electrochemical Process for Phosphorus
Recovery fromWastewater Treatment Plants

Paula R. Guedes, Nazaré Couto, Eduardo P. Mateus,

and Alexandra B. Ribeiro

7.1 Introduction

7.1.1 Problem Statement

Current population growth rates require an increased supply of staple foods and to

guarantee it, a sufficient nutrient level of agricultural soils needs to be maintained

by application of soil fertilizers. One indispensable nutrient for plant growth is

phosphorus (P) and phosphate rock, its primary source, is becoming progressively

limited (Cordell et al. 2011). Currently, 178.5 Mt of phosphate rock, equivalent to

23 Mt of P, is being mined every year, of which 90 % is used for food production as

fertilizer (approx. 82 %) and feed additives (approx. 7 %) (IFA 2011). Phosphorus

peak has been estimated to occur by 2035 (Cordell et al. 2009) and published data

on the lifetime of the exploitable high quality reserves of phosphate rock vary to

a great extent, between one hundred and several hundreds of years (EFM 2000;

IFDC 2010; Survey USG 2012).

The European Union (EU) is almost entirely dependent upon phosphate imports,

with China, Jordan, Morocco, South Africa, and the USA controlling 85 % of global

phosphate reserves (Smit et al. 2009). As a consequence, EU is vulnerable to

geopolitical tensions in the countries that export phosphate and to its volatile prices

(as demonstrated during the 800 % spike in the price of phosphate rock in 2008)
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(Schr€oder et al. 2010). This makes the development new strategies for P recovery

for further reuse one of the world challenges.

One possible secondary P source are the wastes generated at Wastewater Treat-

ment Plants (WWTP). A recent study has reported that, if collected, the P available

from human urine and feces could account for 22 % of the global P fertilizer

demand (Mihelcic et al. 2011).

There are already a variety of very different approaches (see reviews Cordell

et al. 2011; Rittmann et al. 2011; Sartorius et al. 2011) which differ by the origin of

the used matter (wastewater, sewage sludge, and its ashes) and the type of process

(e.g., precipitation, wet chemical extraction, and thermal treatment). The electro-

kinetic (EK) process can also be an effective technique for P recovery from these

waste streams.

This chapter provides an overview on the WWTPs treatments and the potential

of EK process for P recovery from sewage sludge and its ashes. Simultaneous

contaminants removal will also be discussed.

7.1.2 Wastewater Treatment Plants

The water and sewage industry is at a transformation point. Nowadays, there is a

challenge to develop and extend conventional centralized water and sewage

systems on the existing planning parameters (Mitchell et al. 2011). Factors includ-

ing climate change impacts, changing of hydrological conditions, population

growth, resource scarcity, aging infrastructure, economic constraints in financing

large scale systems, and changing expectations for water quality (e.g., European

Union water directives) contribute for need of the plants to adapt to these uncer-

tainties. This approach is based on the idea that an environmentally, economically,

and socially sustainable sanitation system requires sewage to be viewed as a set of

resources to be recovered, recycled, and reused (water, energy, nutrients) rather

than a waste product to be treated to successively higher standards before release to

the environment (Mitchell et al. 2011).

In terms of P, globally, it has been estimated that there are 0.3–1.5 million metric

tons reused annually. From this, 3–3.3millionmetric tons of P is generated in human

excreta (i.e., feces and urine) and greywater (Liu et al. 2008; Cordell et al. 2009). For

example, in Australia it has been estimated that annually 8000 metric tons of P are

discharged with human excreta, and 40–50 % of the P that reach a treatment plant is

applied to agricultural soils as biosolids (Cordell and White 2009). In Europe, the

potential production of P from urine has been estimated in 0.3 kg P per person per

year (Lienert et al. 2003). The available P from human excreta is reported to also be

split near equally between rural and urban areas (i.e., 1.6 million metric tons

excreted in urban environments, 1.7 million metric tons excreted in rural environ-

ments) (Liu et al. 2008). This split is likely to become more urban in the future

because an estimated 70% of the world’s population is expected to reside in cities by

the year 2050 (UNFPA 2007). If collected, the P available from human excreta could

account for 22 % of the global P fertilizer demand (Mihelcic et al. 2011).
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At the global scale, it is estimated that only 10–50 % of P in human excreta is

recycled to agricultural soils (Liu et al. 2008; Cordell et al. 2009) leading to large

P losses through wastewater or municipal solid waste. Many studies have reported

low efficiencies in the current waste management systems in recovering and

recycling P from waste (Antikainen et al. 2005; Kalmykova et al. 2012). It can be

concluded that progress in this domain would help to achieve a better closed-loop

P cycle and to meet future P demand (Cordell et al. 2011).

7.1.3 Phosphorus Recovery Potential

Nowadays, concepts to recover P within the wastewater treatment scheme are

particularly attractive, if they promise to obtain a product which is free from

contaminants and with a high quality as fertilizer (Bl€ocher et al. 2012).
The effluent ofWWTPs has a large quantity of phosphate (Carpenter and Bennett

2011) and, to limit eutrophication potential of wastewaters, P removal has been in

the toolbox of wastewater-treatment engineers for several decades (Rittmann

et al. 2011). Several methods were developed in order to remove P from wastewater

(e.g., chemical or biological P precipitation). But these approaches do not recycle it

as a truly sustainable product as it is removed from liquid phase together with

various other waste products like organic chemicals (Bright and Healey 2003;

Clarke and Smith 2011), metals (Basta et al. 2005) or even pathogens (Gerba and

Smith 2005; Elliott and O’Connor 2007; Sidhu and Toze 2009).

In a common WWTP, there are several potential locations for P recovery from

the liquid phase: the effluent of the WWTP, the supernatant liquor from side-stream

treatment, and the sludge liquor (Cornel and Schaum 2009). The theoretical recov-

ery potential from liquid phase in common activated sludge plants is limited to

<55 % (Fig. 7.1).

In WWTPs without P removal, 90–95 % of the incoming P load is contained in

the sewage sludge (Cornel and Schaum 2009; Bl€ocher et al. 2012). The use of

biosolids (treated sewage sludge) is approved by Member States in several situa-

tions, e.g., short-rotation plantations, plantations for growing energy crops

(European Commission 2010). As there is an agronomic interest for nutrients or

for the improvement of the content of organic matter in soil, biosolids can be used

when the legislation values for organics and heavy metals are met. Still, concerns

have been raised about municipal biosolids applications, composed of waste

streams from residential, commercial, and industrial sources, which increase the

probability of including potential chemicals, solvents, and pharmaceuticals in the

crops. The presence of pathogens can also be problematic in terms of land contam-

ination, and it was already shown that their concentrations increase over time in

biosolids, even in samples that indicated no measureable pathogens after the

application of destruction methods (Gibbs et al. 1997). High concentrations of

heavy metals in biosolids are also of concern, as they can contaminate and reduce

the productivity of land used for disposal by reducing the bacterial diversity within
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the soil (Moffett et al. 2003) among contamination. Besides the above-mentioned

factors, direct use of biosolids in agriculture may be difficult due to public percep-

tion, odors or difficulties of transport and storage. To avoid direct use of treated

sewage sludge as fertilizer, a side recovery technology may be the answer and there

are several potential applications aiming P recovery from sewage sludge, i.e.,

primary, excess and raw sludge, stabilized sludge before and after dewatering

(Cornel and Schaum 2009). In these cases, the theoretical recovery potential is

significantly higher than with separation processes from the aqueous phase, approx.

more 40 % (Fig. 7.1).

Another option is P recovery from ashes. These ashes are generally considered a

waste material to be disposed into landfill (Donatello et al. 2010) but it can also be

reused as adsorbents (Pan et al. 2003), in geotechnical applications or in construc-

tion materials (Al Sayed et al. 1995; Anderson et al. 2002; Lin et al. 2005).

However, none of the above applications make use of the valuable P resource in

the ashes. The application of ash in soils is still a controversial subject as it raises

questions of toxicity that must be carefully addressed (Ferreira et al. 2003), prior to

its application, due to the high levels of heavy metals and salts present in the ash.

Major concerns are generally about the heavy metals, which can accumulate in the

soil over time, and enter the food chain or groundwater systems. However, the risk

for this occurring depends primarily on metal concentrations in ash, their anteced-

ent concentrations in the soil, their mobility from the ash and subsequently from the

soil, and their uptake by plants.

Aeration tanks

Sludge liquor
20-100 mg/LP

P recovery potential: <50%

Type of chemical bond:
Dissolved

Type of chemical bond:
Dissolved

Type of chemical bond:
Chemically bound

Type of chemical bond:
Biologically /
Chemically bound

Secondary
clarifier

Digestion
&

Dewatering

Drying &
mono-

incineration

P recovery potential ~90%

P recovery potential ~90%

P recovery potencial: <55%

Dewatered sludge
10g/kg PEffluent

<0.5 mg/L P

Ash from mono-
incineration
64 g/kg P

Primary sludge
from primary

sedimentation

Fig. 7.1 Different possibilities for phosphorus recovery at a wastewater treatment plant, typical

concentrations of phosphorus and the recovery potential (recovery potential related to the con-

centration present in the influent)
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Phosphorus recovery from sewage sludge ash (SSA) first involves the

re-dissolution of the bound P followed by its separation, e.g., electrokinetic process

followed by precipitation processes. The advantage of treating SSA is their exclu-

sively inorganic formation, a fact which, in contrast to sewage sludge, facilitates

P recovery. Furthermore, the incineration of organic matter causes the enrichment

of P in the ashes (Cornel and Schaum 2009). In this case, P recovery potential from

the ashes is the same as from the sewage sludge, approx. 90 % (Fig. 7.1).

Taking into consideration that the increased utilization of secondary resources is an

important issue in the European Union countries waste strategies, it makes sense to

search for the upgrade of these waste matrices while recycling P. This offers the

immediate advantage of avoiding the environmental impacts associated with primary

production from phosphate rock, complemented with the reuse of an essential nutrient

that is being wasted. For these reasons, the technologies that promote P reuse within

the wastewater treatment scheme are particularly attractive. In contrast to fertilizers,

quality standards are much higher to industries, requiring further purification of the

product to a level where all or most of the trace impurities are removed.

7.2 Electrokinetic P recovery

ED is an extraction technology which selectively separates anions and cations

across an ion-exchange membrane driven by an applied electrical field between

electrodes. Cationic species move towards the cathode passing through cation-

exchange membranes (CEM) which allow only positively charged species to pass

through while rejecting negatively charged species. Anions (e.g., PO4
3�) move

towards the anode passing through anion-exchange membranes (AEM) which

allow only negatively charged species to pass through while rejecting positively

charged species. Through this process, cations and anions are obtained separately in

concentrated solutions (Mehta et al. 2015).

In the case of P recovery through electromigration, four speciation states,

namely H3PO4, H2PO4, HPO4
2�, and PO4

3� need to be considered. The

corresponding acidity constants (pKa, 298 K) are 2.12, 7.2, and 12. At pH

below 2, phosphate dominantly exists as phosphoric acid and has no electric charge.

Thus, it is unaffected by the electric field. Under alkaline conditions (pH 7), the

bi- and trivalent species prevail, which implies a double or triple amount of energy

to move one phosphate ion (Sturm et al. 2010).

7.2.1 Sewage Sludge Ashes

As previously referred, and contrary to most heavy metals, phosphate in the pore

water exists as anionic species unless the pH is strongly acidic. Thus, when a direct

current is applied to water saturated SSA, phosphate, among other anions may
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selectively accumulate in the anolyte. The pore water pH may influence the efficacy

of an electrokinetic phosphate recovery from SSA in multiple ways. The dissolution

of phosphate minerals is increased under acidic conditions due to the pH-dependent

solubility of P compounds. The pH also determines the affinity of dissolved

phosphate towards variable charge surfaces and the transport velocity in an electric

field is influenced by ionic charge and thereby dependent on the chemical

speciation.

Acid extraction using HNO3 and H2SO4 for P recovery has been compared for

two different SSA from mono-incineration, where either Al or Fe originally was

used for precipitation P from the wastewater (Ottosen et al. 2013). Sulfuric acid is

the cheapest mineral ash and is thus often suggested for P extraction from SSA.

The use of this acid though caused the formation of a high quantity of gypsum

crystals in the remaining ash. The gypsummust be taken into account when handling

the remaining ash in, e.g., construction materials or as an increased volume to be

deposited (Ottosen et al. 2013). The Al rich ash contained activated carbon and

required significantly more acid for full extraction of P meaning that in order to

obtain the lowest acid consumption for P recovery from SSA, it is preferable to use

Fe instead of Al for precipitation of P at the WWTP (Ottosen et al. 2013).

Although the heavy metal concentrations in the two ashes were low, simulta-

neously to the release of P by acidification, a fraction of the heavy metals was also

released. In order to produce a high grade P-product from the extracted solution, a

separation step is thus needed (Ottosen et al. 2013).

Phosphorus extraction from SSA using an electrokinetic process in a packed bed

has been tested and the investigation showed that it was possible to concentrate on a

small part of the P in processing solutions at the anodes, but also that the setup used

was not feasible from the point of energy demand (Sturm et al. 2010). One option to

improve the efficiency is to combine ED process with acid extraction by suspending

the ash in acid just prior to the treatment (Ottosen et al. 2014). Ideally during the

process, P is concentrated in the processing solution in the anode compartment

(anolyte) and the heavy metals in the processing solution in the cathode compart-

ment (catolyte).

An experimental screening of EDS P recovery and simultaneous heavy metals

removal has been conducted with a 3 compartment (3C) cell, Fig. 7.2a

(Ebbers et al. 2015; Guedes et al. 2014; Ottosen et al. 2014) and 2 compartment

(2C) cell, Fig. 7.2b (Ebbers et al.).

Fig. 7.2 Principle in electrodialytic separation (EDS) using (a) three compartment cell design and

(b) two compartment cell (AEM anion-exchange membrane, CEM cation-exchange membrane)
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Ottosen et al. (2014) conducted experiments with two different ashes: rich in Fe

or Al. In EDS experiments with the most Al rich ash, only a minor part of P was

transported into the anolyte and the major part stayed in solution of the ash

suspension likely due to the formation of uncharged species between P and

Al. At a high acid addition (11.4 mol H+/kg ash), P was transported equally into

the anolyte and catholyte and thus no separation was obtained in the Al rich ash.

At lower acid additions the separation was better, but here the major part of P was in

the ash suspension (in the ash or dissolved) and separation was not obtained during

the week the experiments lasted. In the Fe rich ash, the separation was better as Fe

was mainly present in insoluble particles, speciation between Fe and P in the ash

suspension was not a complicating factor as in the case of Al. The results for the

Fe-rich ash showed that it was possible to separate P into one processing solution,

heavy metals (Cu, Zn, Ni, Pb) into another, keeping the ash suspended in a third

solution (that still contained P after 1 week of EDS).

Guedes et al. (2014) also applied the EDS to SSA aiming at P recovery. Two

SSA rich in Fe were sampled, one immediately after incineration and the other from

an open deposit. After 14 days, P had been mainly mobilized to the anolyte

(between 60 and 70 %), whereas heavy metals mainly electromigrated towards

the cathode end. Still, during the EDS process, other elements present in the ash

may also move towards the anode end (e.g., metals of negative standard reduction

potential). At the end of the experiments, the anolyte presented a composition of

98 % of P, mainly as orthophosphate, and 2 % of heavy metals.

Ebbers et al. (2015) made adjustments to the 3C ED cell setup by reducing the

number of compartments and introducing the anode directly into the ash suspension

(Fig. 7.2b). This new approach uses the acid produced by electrolysis at the anode

combined with initial acidification of the suspension by H2SO4 to promote a faster

mobilization of the P and heavy metals. Mobilized heavy metals will then

electromigrate from the suspension liquid and concentrate into the cathode

compartment.

The combination of ED in the 2C setup and initial acidification of the stirred

suspension with H2SO4 was more effective in dissolving P and separating the heavy

metals. In this setup, up to 96 % of the P in the ash was dissolved after 7 days

(Ebbers et al. 2015). Using the 3C setup and initially suspending the ash in distilled

water, resulted in 53 % dissolution of the total recovered P after 7 days (Ebbers

et al. 2015). This shows that the 2C setup is a good approach to avoid the use of

mineral acids as it will avoid the precipitation of secondary minerals such as

gypsum (Ebbers et al. 2015).

In terms of heavy metals, the release in the 2C and 3C cell using H2SO4 was

significantly larger than the release observed in 2C and 3C with distilled water

(Ebbers et al. 2015). This indicated that acidification of the ash suspension through

a mineral acid at the start of the experiment (in this case, 2 h) was more important

for dissolution of these heavy metals than acidification through half reactions at the

anode during early stages of the experiments. The amount of heavy metals

dissolved remained constant after 2 h for up to 14 days (Ebbers et al. 2015).

7 Electrochemical Process for Phosphorus Recovery from Wastewater. . . 135



7.2.1.1 Case Study

For this study, SSA were collected at Lynettefællesskabet, Copenhagen, Denmark,

in June 2012. This plant mono-incinerates sewage sludge from about 500,000 PE. In

this WWTP, the process of P precipitation is initially done in a Bio-P tank followed

by the addition of iron salt. The sludge is incinerated in a fluid bed oven at about

800 �C. After incineration, the SSA is stored (until it finds use) in an open air deposit

at the site of Lynettefællesskabet close to the sea. Two SSAs were sampled for this

investigation: one immediately after the incineration process (SA) and the other

from the deposit (SB). The ashes were then subjected to EDS separation using a 2C

cell design and H2SO4 (0.08 M) for 7 days to compare the results with the previous

conducted study were a 3C cell was used (Guedes et al. 2014). All analytical

methodologies and SSA characterization can be seen in Guedes et al. (2014).

The obtained results (Table 7.1) showed that similar total removals were

achieved after 7 days for the SB ashes between the 2C and 3C setup, approx.

70 %. After filtrating the ash suspension, the liquid phase of the 2C setup contained

56 % of the P and for the 3C setup the liquid phase contained 50 % of P. The

remaining P in the 3C was collected in the anolyte (19 %) whereas in the 2C it

migrated towards the cathode (14 %).

The type of ash influenced the total P removal by the different setups. In this case,

the use of the 2C setup allowed to remove 88% of the P from the SSAwhereas in the

3C setup, only 62 % were extracted. A major difference was also found in the

distribution of P within the cell as the amount collected in the anolyte in the 2C setup

was higher when SA ashwas used (77% vs. 56% for the SB ash). In the 3C setup, the

anolyte contained 4% vs. 19% for the SA and SB ash, respectively. In this study, the

storage of the ash influenced P removal from these ashes.

In terms of heavy metals, in general, higher removals were achieved using the

3C cell setup comparing to the 2C setup (Table 7.2). For example, 71 % of Cd was

removed from the new ashes comparing to the 18 % removal achieved with the 2C

setup. However, 32 % of the mobilized Cd is in the liquid phase of the central

compartment where 54 % of the recovered P is also present. In the 2C setup, only

8 % of Cd was detected in the anolyte where 77 % of the recovered P is present. The

same was observed for the SB ashes although with different percentages.

Table 7.1 Percentage of phosphorus determined in the different cell compartment subjecting the

sewage sludge ashes to electrodialytic separation for 7 days

Exp.

Recently collected ashes (SA) Deposited ashes (SB)

Anolytea Centralb Catholyte Ash Anolytea Centralb Catholyte Ash

2C 77 – 11 12 56 – 14 30

3Cc 4 54 4 38 19 50 1 30
aLiquid in the anode compartment: electrolyte solution in the 3C cell; liquid phase (acid) in the

2C cell
bLiquid phase (acid) in the 3C cell
cResults reported in Guedes et al. (2014)
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The use of a 2C EDS setup increased overall efficiency of P recovery after 7 days

of experiment, under the conditions tested here. Dissolution of P was faster in the

2C experiments than in the 3C experiments. However, relative to the total amount

of heavy metals released from the ash, 3C setup shows better results.

7.2.2 Sewage Sludge Case Study

The advantage of treating SSA is their exclusively inorganic forms, a fact which in

contrast to sewage sludge facilitates P recovery (Cornel and Schaum 2009).

Recently, the group conducted a series of experiments aiming P recovery from

sewage sludge (Guedes et al. 2015). For that, sewage sludge collected at a WWTP

from Simarsul located in Quinta do Conde, Sesimbra, Portugal. The samples were

collected from the secondary settling tank in January 2014.

The samples were then subjected to EDS in a 2C setup. In total, three designs

were tested: (a) sludge placed in the anode compartment and separated by a CEM;

(b) sludge placed in the cathode compartment and separated by a CEM; (c) sludge

placed in the cathode compartment and separated by an AEM.

Overall, as observed in Fig. 7.3, the most promising results were achieved for the

cell where the sludge was directly placed in the cathode compartment with an AEM

and 50 mA applied. In this experiment, P was mobilized towards the anode end due

to the high pH achieved in the cathode compartment (pH 13), and after 5 days, 78 %

of the P was recovered (Guedes et al. 2015). However, when investigating P

recovery from sewage sludge, a special attention must be made to all the

Table 7.2 Percentage of heavy metals determined in the different cell compartment subjecting

the sewage sludge ashes to electrodialytic separation for 7 days

Exp. Compartment

Recently collected ashes (SA)

Al Cd Cr Cu Fe Ni Pb Zn

3Ca Anolyteb 1 3 3 1 0 1 0 1

Centralc 34 32 13 23 5 6 1 13

Catholyte 12 36 2 45 0 19 1 49

2C Anolyteb 35 8 9 0 9 0 4 0

Catholyte 18 10 1 55 1 16 3 64

Deposited ashes (SB)

3Ca Anolyteb 0 1 1 1 0 2 0 1

Centralc 32 24 14 14 5 5 1 10

Catholyte 12 38 1 6 0 19 1 58

2C Anolyteb 25 10 10 0 10 0 4 0

Catholyte 17 13 2 44 1 17 5 51
aResults reported in Guedes et al. (2014)
bLiquid in the anode compartment: electrolyte solution in the 3C cell; liquid phase (acid) in the 2C

cell
cLiquid phase (acid) in the 3C cell
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contaminants present in the matrix. In this case, the study also assessed the removal

of six emerging organic contaminants (OCs), caffeine (CAF), ibuprofen (Ibu),

17β-oestradiol (E2), 17α-ethinyloestradiol (EE2), bisphenol A (BPA), and

oxybenzone (MBPh). In general, ED showed potential to enhance the degradation

of the contaminants being the process mainly dependent on the intensity of the

applied DC field and the cell design which highly influences the pH changes.

Comparing to the control experiment (0 mA), the design that presented the best

results for P recovery was also the most promising design for increasing OCs

removal (Guedes et al. 2015). In this design, all compound degradations were

increased comparing to the control experiments. In terms of percentage, Ibu

presented the highest degradation, e.g., 100 % whereas in the control experiment

no degradation was detected for this compound.

Still, in this study, the removal of heavy metals was not assessed, and it should

also be considered a topic for further research. Taking into consideration the results

obtained with the ashes, it is expected that the heavy metals will be mainly detected

in the cathode compartment. When the sludge is placed in the cathode compartment

the pH increased to 13, and in this case most heavy metals will be precipitated in the

sludge. Some exceptions can occur, namely with metals like As, that are also

mobilized at high pHs.

7.3 Conclusions

The development of a technology for P removal offers the opportunity for

recycling P, making its use more sustainable. There are a number of technologies,

both established and under development, which can be used to remove P from

Fig. 7.3 Percentage of organic contaminants degraded in the electrodialytic separation experi-

ments comparing to the control experiment
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wastewater and can potentially be used within a sustainability strategy. The major

aim in using the electrodialytic process to recover P from the waste matrices is the

possibility to separate it from contaminants. This overview shows that, in the case

of the SSA, the separation is highly dependent on whether P was precipitated with

Fe- or Al-based chemicals at the WWTP. In terms of cell design, the new 2C cell

setup seems promising. This setup may help to increase the overall efficiency of the

EDS. Introducing the anode into the suspension can substitute the acidification that

is usually carried out by mineral acids and effectively help in the removal and

concentration of most of heavy metals during this process. In terms of P recovery

from the sewage sludge, the results are still scarce. The preliminary study

conducted by the team showed that EDS may also be an attractive method for P

recovery from the sludge especially as it may also improve the degradation of

several emerging organic contaminants.
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Chapter 8

Electrokinetic Remediation of Copper Mine
Tailings: Evaluating Different Alternatives
for the Electric Field

Henrik K. Hansen, Adrián Rojo, Claudia Gutiérrez,
Pernille E. Jensen, and Lisbeth M. Ottosen

8.1 Introduction

Chile has the largest mineral reserves of copper and about 32 % of the world

production of this metal (COCHILCO 2008), from which 80 % is obtained by

grinding and flotation processes. Annually, this mineral processing generates large

quantities of waste which are transported and disposed as pulps forms in conditioned

sites called mine tailing ponds. In these places, mine tailings not only have a

damaging effect on water resources by the natural leaching of heavy metals and

chemicals, but also generate effects on flora, fauna, and air quality by the generation

of fugitive emissions of fine particles (Dold and Fontbote 2002; Hansen et al. 2005a).

Electrokinetic remediation (EKR) is a technology used to remove contaminants

from soils (Lageman 1993; Acar and Alshawabkeh 1993; Probstein and Hicks

1993). In recent years, the technology has been of research interest for stabilizing

mine tailings from the copper industry (Hansen et al. 2005b; Rojo et al. 2006). Due

to the characteristics of the mine tailing minerals, EKR treatment with conventional

DC electric fields had that inconveniency that a concentration polarization was

buildup with time. This increased remediation times and power consumption due to

the higher electrical resistance (Hansen et al. 2012; Li et al. 2013).

One way to avoid or reduce the effect of concentration polarization is to change

the electric field in fashion that would allow mass transfer processes in the solid

matrix during EKR to occur more efficient. The electric field enhancements include

use of: (a) pulsed electric DC fields, (b) low frequency sinusoidal electric fields, and

H.K. Hansen (*) • A. Rojo • C. Gutiérrez

Departamento de Ingenierı́a Quı́mica y Ambiental, Universidad Técnica Federico
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(c) high frequency electric fields. This work gives experiences and an evaluation of

advantages and disadvantages of the different options.

8.2 Difference in Mine Tailings Characteristics
vs. Remediation Results

This work shows results and experiences obtained during years of study of how the

electric field influences the copper removal from copper mine tailings. The char-

acteristics of the tailings were different taking the overall period of study into

account but the same tailings were used when analyzing one type of applied electric

field. The difference are due to the fact that (a) the mine tailings were sampled at

different times, and (b) the mine tailings were sampled at two different tailings

dumps. In addition, in some experimental series ion-exchange membranes are used

(EDR) (Hansen et al. 1997)—in others only nylon mesh/filter paper (EKR)—as

separators between the tailings and the electrolytes. Therefore for all experimental

EKR series the results should be compared to a conventional DC remediation

experiment, where a constant current or voltage drop is applied to the mine tailing

sample without any modification in the electric field. This baseline experiment is

done for all experimental series and any modification in the electric field should be

compared to this experiment when analyzing if improvement is obtained in the

copper removal. So it is difficult to compare directly results between different

modifications of the electric field. In conclusion, in this book chapter the effect of

the modification of the electric field should be taken as a guideline of tendencies

when using the modifications suggested in this work.

8.2.1 Mine Tailings

Several mine tailings have been used in this work. Here the tailings are described

and numbered, and in the following the EKR results are referred to that number.

1. The mine tailings from the Cauquenes impoundment at Codelco-El Teniente

copper mine in VI Region of Chile.

2. Mine tailings sampled directly from the canal, which transports the tailings to

the Caren impoundment from the El Teniente copper mine in the VI region of

Chile.

3. The mine tailings from the Caren impoundment at Codelco-El Teniente copper

mine in VI Region of Chile. As an example of composition, Table 8.1 gives

characteristics of these mine tailings, determined by X-Ray Diffraction

Analysis.
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8.2.2 EKR Cells

Two experimental cells have been used in this work. The main difference between

the cells is the use of ion-exchange membranes (Cell A) or nylon mesh/filter paper

(Cell B) as separation between the mine tailings and electrolytes. Figures 8.1 and

8.2 show the principles in Cell A and Cell B, respectively.

Table 8.1 Mineral

composition in the mine

tailings sample from Caren

impoundment at Codelco-El

Teniente copper mine in VI

Region of Chile

Quartz SiO2

Muscovite KAl2(Si3Al)O10(OH,F)2

Ferric clinochlore (Mg,Fe)6(Si,Al)4O10(OH)8

Calcic albite (Na,Ca)Al(Si,Al)3O8

Anorthite CaAl2Si2O8

Hydrated calcium sulfate CaSO4·0.6H2O

Chalcocite Cu2S

Brochantite Cu4SO4(OH)6

Chalcopyrite CuFeS2

Ramsbeckite Cu15(SO4)4(OH)22·6H2O

Wroewolfeite Cu4(SO4)(OH)6·2H2O

Guildite CuFe(SO4)2(OH)·4H2O

I: Anode compartment
II: Mine tailing
III: Cathode compartment

Anion
Exchange
Membrane

Cation
Exchange
Membrane

4 [cm]

8 [cm]

15 [cm]

I

(+) (-)

II

DC-AC
supply

III

4 [cm]

Fig. 8.1 Cell A: EKR cell with ion-exchange membranes
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The pre-treated mine tailings were placed in central compartment. Initially, in the

anode compartment, the electrolyte was distilled water, and in the cathode compart-

ment was dilute sulfuric acid solution, later a continuous drop addition of concen-

trated acid to maintain pH below 4 was supplied. On the other hand, to control pH in

the cathode compartment, a sample was taken each day for pH monitoring.

After the experiments were carried out, mine tailings sample were segmented

into three slices of equal size, where copper concentration was measured. The

anode zone is defined as the slice closest to the anode, center zone the slice in the

middle, and cathode zone the slice closest to the cathode.

8.2.3 Analytical and Tailings Preparation

In this work, the main parameters when evaluating the effect of modifications in the

electric field are copper removal and pH in the tailings during EKR. For all

experimental series, the same analytical procedure for copper and pH measure-

ments was used.

10 cm

AC + DC Voltage
Power
supply

Nylon mesh
and

filter paper

Cathode
compartment

Mine tailing
compartment

Anode
compartment

10 cm 5 cm

20 cm

5 cm

(+)

+

(-)

-

Fig. 8.2 Cell B: EKR cell with nylon mesh and filter paper

146 H.K. Hansen et al.



The total and soluble copper was determined according to the following

methods. In both cases, the analysis was done in triplicate, and an average was used.

The total copper content of the tailings was determined by adding 20 mL 1:1

HNO3 to 1.0 g of dry material and treating the sample in autoclave, according to the

Danish Standard DS 259:2003 (30 min at 200 kPa (120 �C)). The liquid was

separated from the solid particles by vacuum through a 0.45 μm filter and diluted

to 100.0 mL. The metal content was determined by AAS in flame.

The soluble copper content of the tailings was determined by adding 50 mL

H2SO4 5 % (v/v) to 5.0 g of dry material, and stirring the sample in an 250 mL

Erlenmeyer flask for 30 min. The liquid was separated from the solid particles by

vacuum through a 0.45 μm filter and diluted to 100.0 mL by adding 10 mL concen-

trated HCl and distilled water. The metal content was determined by AAS in flame.

pH was measured by mixing 5.0 g dry matter and 25.0 mL distilled water. After

1 h of contact time, pH was measured using a pH electrode.

Before remediation experiments, the tailings were stove dried for 2 days at 70 �C.
Once dried, the material was pulverized in a mortar and sieved with meshes #4 and

#20, until a homogeneous sample was obtained. For all experiments, 1 M sulfuric

acid was added to the tailings until an average humidity of 20 % was reached.

8.2.4 Modifications of the Electric Field

In conventional EKR of copper mine tailings, where a constant voltage or constant

current applied to a humid solid waste product, some inconvenient side effects are

generated. First of all, a concentration polarization is built up with time due to the

general characteristics of the tailings. The result is an increase in the electric

resistance as can been graphically in Fig. 8.3. This would mean either longer

Fig. 8.3 Typical development of electrical resistance during EKR with and without concentration

polarization
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remediation times (when working at constant voltage) or higher power consump-

tion (when working at constant current).

The main goal is therefore to decrease the electrical resistance over the solid

waste product during EKR by avoiding the concentration polarization buildup. This

can be done by giving the waste product “some time to relax,” which in practice

means that the applied constant voltage or current should “be broken” by manip-

ulating the electric field. The manner of breaking the constant electric field inves-

tigated in this work is either by:

1. Applying a pulsed electric DC field

2. Applying a sinusoidal electric field at low frequencies

3. Applying a sinusoidal electric field at high frequencies

8.2.5 Pulsed Electric DC Fields

The idea of pulsed electric DC fields maintains a constant voltage or current for a

determined time period (Ton) and then turns off the power for a short time (Toff); this
allows the process to have a short period where the concentration polarization can

be reduced. Figure 8.4 shows the voltage/time behavior when applying pulsed

electric field. The duration of one cycle (Tcycle) is defined as Ton + Toff, and

the frequency is given as number of cycles in a given period of time (f. ex. cycles

per day).

Fig. 8.4 Voltage vs. time when applying pulsed electric fields
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During electroremediation processes with DC electric fields, the transport

phenomena of ionic migration and electroosmosis do not favor the dissolution of

ionic species. In this case, the chemical mechanisms of dissolution are slow, due to

the fact that the electric field generates a negative effect on diffusion gradients of

the leaching reagents (e.g., H+ or Fe3+). Using pulsed electric fields, during the time

with current “OFF,” the diffusion gradients (produced during the time in “ON”) can

be diminished. So, the chemical mechanisms of dissolution can progress and the

species concentration in solution increases. In electroremediation, it is expected

that the reduction of the polarization improves the efficiency of heavy metal

removal and reduces the time of the process.

In the publication of Hansen and Rojo (2007), the effect of applying pulsed

electric fields to copper mine tailings were first analyzed. From this work, the main

results are discussed in the following. Eleven EDR experiments were conducted in

both cell A (exp. 1–7, mine tailings type 2) and cell B (exp. 8–11, mine tailings

type 2) with the conditions and results given in Table 8.2. Here, the initial

concentration (C0) and final concentrations (Cf) for the anode side, middle, and

cathode side are given. In all experiments, copper removal from the anode side,

middle, and cathode side represents the difference between the copper leaving and

entering the section. Only at the anode side, the amount of copper entering is always

zero. pH in the tailings after remediation was around 4 (as the initial value) in all

sections and experiments.

Figure 8.5 shows the normalized concentration of copper for EDR experiments

with time in the anode side. It can be seen from the figure that for 72 h of

remediation time the use of pulsed electric fields improves the copper removal.

With 14 cycles/day, the copper removal would be equivalent to a continuous EDR

time in the order of 120 h. Increasing the frequency to 28 or 55 cycles/day, the

equivalent EDR time, in terms of copper removal, would correspond to around

270 h. In the case of EKR results (see Table 8.2), for 120 h remediation the copper

removal is independent of frequency and even when doubling time, the copper

removal is practically the same for both frequencies.

In addition, Fig. 8.6 shows the normalized concentration of copper in the anode

side as a function of frequencies in cycles/day for the EDR experiments as a result

of the pulsed electric field applied to the cell. The continuous electric field exper-

iment (experiment 1) is fixed to 0 cycles/day. This is explained by: DC remediation

is equivalent to pulsed electric field remediation where Ton!1, so Tcycle!1,

and consequently since frequency f/1/Tcycle, f! 0.

With EKR and pulsed electric fields, the same improvement could be expected

with respect to DC remediation, and the copper removal seems to be independent of

frequency (in the range of 14–55 cycles/day) and remediation time (120–240 h).

With both EDR and EKR of 120 h, for 14 cycles/day, the copper removal is

practically uniform in all three sections of the cell. Increasing the

frequency� 28 cycles/day, the copper removal in the anode side is improved, and

in the cathode side an accumulation of copper is observed. With an EKR of 240 h,

the obtained results are nearly independent of the frequency, observing a major

accumulation in the cathode side.
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In EDR with pulsed electric field the transport across the cation-exchange

membrane becomes the rate determining step. This fact can be deduced from:

(1) the accumulation of copper observed in the cathode side when the frequency

was increased and (2) the total copper removal was nearly the same for the three

frequencies studied. In EKR, the diaphragm allows free alkali diffusion into the

cell, with the consequent copper precipitation process, which reduces the effect of

the pulsed electric field on total copper removal.

0
0 100 200

Time (hr)

c/
`

300 400 500 600

DC

14 Cycles/day

28 Cycles/day

55 Cycles/day

0,2

0,4

0,6

0,8

1

1,2

Fig. 8.5 Normalized concentration of copper with time in the anode side with continuous and

pulsed electric fields applied to acidic mine tailings in EDR

0 10 20

cycles/day

72 hours

30 40 50 60
0,5

0,55

0,6

0,65

0,7

0,75

0,8

0,85

0,9

c/
`

Fig. 8.6 Normalized concentration of copper in the anode side as a function of frequencies in

cycles/day for EDR experiments
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8.2.6 Sinusoidal AC/DC Electric Field

A sinusoidal electric field is obtained by applying simultaneously continuous-

alternating (DC–AC) voltages, where the effective voltage applied to the cell is

determined by:

V ¼ VDC þ VAC � sin 2π f tð Þ

Veffective ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

T
�
ð T

0

V2 dt

s

where:

VDC¼ continuous voltage (V)

VAC¼ alternating voltage (V)

f¼ frequency (min�1)

t¼ time (min)

T¼ period (min)

Veffective¼ effective voltage (V)

One main characteristic when applying sinusoidal electric fields is that short

periods of time where the direction of the electric field is opposite of overall electric

field can be obtained. This current reversal is beneficial when reducing the concen-

tration polarization and to have zone where dissolution of copper happens due to

acidification. To compare the results of experiments with a reversal polarity of the

cell, the time ratio ρ between the time of normal polarity (t+) and the time of

polarity reversal (t�) during a cycle (tcycle) is defined. Figure 8.7 shows schemat-

ically how the different times are defined during a cycle with a sinusoidal electric

field obtained by applying simultaneously AC–DC voltages.

-20
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Time 50-1[s]

tcycle

ρ = 

vo
lta

ge
 [v

]
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Fig. 8.7 Schematic representation of a sinusoidal electric field with a frequency of 50 Hz and a

DC field of 15 V and definition of the time ratio ρ
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8.2.7 Low Frequency Sinusoidal Electric Fields

When applying sinusoidal fields with a cycle in magnitude of minutes or even hours

this is generally referred to as low frequency sinusoidal fields. For example, a cycle

of 60 min gives a frequency of 1/(60 min� 60 s/min)¼ 0.28 mHz.

In the work of Rojo et al. (2010), the application of sinusoidal electric fields with

cycles of 30–120 min, VDC of 10–20 V, and VAC of 20 V was first reported. Here,

the main findings are given. The cell was type A, and the tailings type 3. Table 8.3

shows the remediation conditions for eight EDR experiments applying constant

voltage (exp. 1) or sinusoidal fields (exp. 2–8).

Table 8.4 includes general EDR results in terms of: (a) total and soluble copper

concentration ratios, CF/C0 (final/initial) in the anode, center, and cathode zone,

(b) the total net electric charge passed through the mine tailing, and (c) the effective

current for the experiment. The net electric charge and effective current were

calculated from current-time recording.

It can be seen from Table 8.4, all experiments with sinusoidal electric field

(experiments 2–8) show better results than the reference experiment (experiment 1)

with continuous electric field applied to the cell, since in the case of anode zone the

CF/C0 concentration ratios of total and soluble copper using sinusoidal electric field

are always less than with continuous electric field. These show that the reduction of

polarization by applying sinusoidal electric fields improves the remediation

performance.

According to Table 8.4, with a remediation time of 7 days, a period for the

alternating voltage of 120 min and sulfuric acid addition in the mine tailing

pre-treatment, when increasing the effective voltage, from 17.3 to 24.5 V, the

total and soluble copper removal in the anode zone and the copper accumulation

in the cathode zone decreases.

From the EDR results, the improvement could be explained by the positive effect

of the polarity reversal, which allows the system to depolarize, for example, in the

experiment 7 for 40 min each period. In experiment 4, with the highest effective

voltage, the polarity reversal phenomenon is not produced. The positive effect of

Table 8.3 Experimental conditions during EKR of copper mine tailings applying low frequency

sinusoidal electric fields

Exp

Pre-treatment

[acid] t time [days] VDC (V) VAC (V) Veffective (V)

T period

AC (min)

1 Sulfuric 7 20 0 20 0

2 Sulfuric 7 15 20 20.6 120

3 Sulfuric 7 15 20 20.6 60

4 Sulfuric 7 20 20 24.5 120

5 Sulfuric 7 20 20 24.5 60

6 Sulfuric 7 10 20 17.3 30

7 Sulfuric 7 10 20 17.3 120

8 Sulfuric 14 10 20 17.3 120
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depolarization during the polarity reversal of the system is obtained although in

each period electrokinetic phenomena occur in the opposite direction with an

energy consumption associated.

Certainly in this kind of process, a lowest net charge through the mine tailings is

expected, and the best removal observed is produced by the better use of current

through the tailings. In this context, the lowest effective voltage will be favorable in

terms of current efficiency and energy consumption.

In all cases, the total and soluble copper removal, for 7 days experiments with

sulfuric pre-treated mine tailings, does not seem to be affected by changing the AC

period from 30 (or 60) to 120 min. However, it must be stated that all experiments

were carried out at relative high periods—or low frequencies. It was chosen to work

with low frequencies according to previous experiences applying pulsed electric fields

with similar frequencies. The total net electric charge and effective current obtained in

each pairs are relative similar as expected due to effective voltage applied to the cell.

Higher remediation times would increase the total and soluble copper removal in

the center and the accumulation in the cathode zone of the cell, and only a greater

amount of remediated material is obtained. On the other hand, in the anode zone,

the removal is only significant during the first 7 days. As expected, the electrical

parameters are almost duplicated with the remediation time.

So, polarity reversal of the system reduces polarization during the remediation,

and by this way enhances the process mainly in terms of increasing the copper

removal. The remediation seems to be favored by low effective voltage in spite of

the relatively long period of polarity reversal, which affects the power consump-

tion. The disadvantage of higher power consumption, which normally is produced

in processes with polarity reversal, seems to be compensated by increased net

removal efficiency in EDR/EKR systems.

8.2.8 High Frequency Sinusoidal Electric Fields

When applying sinusoidal fields with a frequency of 50 Hz, or higher, one can

consider the sinusoidal field as a high frequency field. This means that the duration

of the cycle is 0.020 s or lower. In this chapter, only experiences with frequencies of

50 Hz will be discussed despite that higher frequencies have been used lately by the

authors (Rojo et al. 2014).

Rojo et al. (2011) demonstrated the improvements when using 50 Hz sinusoidal

fields compared to conventional DC EKR. Seven experiments were reported using

tailings of type 3 in an EKR cell B. The general experimental conditions are given

in Table 8.5, where exp. 7 is performed at a constant DC voltage as a reference

experiment.

Table 8.6 includes a summary with general EKR results in terms of removal

(positive values) and/or accumulation (negative values) of total copper from the

already mentioned zones and the whole cell.
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EKR with sinusoidal electric field obtained by applying DC and AC voltages

simultaneously can achieve a copper removal from the cell better than EKR with

continuous electric field. In this context, comparing experiment 2 and 7, which were

made at a similar voltage, the use of a sinusoidal electric field represents a 70 %

improvement in the copper removal from the cell. In all experiments, no significant

electroosmotic flow was observed, meaning that the main mechanism for copper

removal is electromigration.

Moreover, experiments with sinusoidal electric field in which a polarity reversal

occurs during the cycle, indicatedby the negativeminimumvoltage shown inTable 8.6

(Experiments 1, 2, 5 and 6), copper removal was also observed in the cathode zone. In

addition, experiment 2with sinusoidal electric field reached a copper removal from the

cell which involved virtually all soluble copper in the mine tailings sample.

In the analysis of copper removal and/or accumulation, the effect of the effective

voltage (VEffective) was evaluated by considering the following combinations:

(a) VAC¼ 23.0 V fixed and VDC varying between 7.2 and 29.0 V, and (b) VDC¼ 23.3

and 29.0 V fixed and VAC varying between 23.0 and 31.0 V in both cases.

Comparing the experiments with fixed VAC and variable VDC; it can be seen that

copper removal from the cell increases proportionally with the effective voltage in

the range 17.8–22.3 V and 28.4–33.2 V. In the first range, the removals are greater

because the polarity of the cell during the cycle is reversed, this phenomenon does

not occur in the second range of 28.4–33.2 V.

Table 8.5 Remediation conditions applying high frequency sinusoidal electric fields

Exp

Applied voltage

VEffective (V) Vmax (V) Vmin
a (V)DC (V) AC (V)

1 7.2 23.0 17.8 30.2 �15.9

2 15.3 23.0 22.3 38.3 �7.8

3 23.3 23.0 28.4 46.3 0.3

4 29.0 23.0 33.2 52.0 6.0

5 23.3 31.0 31.8 54.3 �7.7

6 29.0 31.0 36.4 60.0 �2.0

7 23.0 – – – –
aNegative values, experiment with periodic polarity reversal

Table 8.6 General

remediation results applying

high frequency sinusoidal

electric fields in terms

of removal and/or

accumulation [%]

Exp

Anode Center Cathode Cell

1� CF

C0

� �
� 100

1 19.6 4.3 33.7 19.2

2 54.3 31.5 38.0 42.2

3 8.5 6.5 �16.8 1.6

4 47.8 4.3 �25.0 8.4

5 50.0 �3.3 8.7 18.7

6 46.7 0.0 33.7 28.2

7 51.1 32.6 �8.7 24.6
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On the other hand, comparing the experiments in which VDC remained fixed at

23.3 V (experiments 3 and 5) and 29.0 V (experiments 4 and 6) and VAC was

variable, it can be seen that the copper removal from the cell follows the same trend.

In this case, for both fixed DC voltage the removal increase is due to the reversal

polarity of the cell during the cycle. Consequently, the reversal of the polarity of the

cell is the decisive phenomenon in improving the copper removal from the

whole cell.

Table 8.7 shows the copper removal and/or accumulation of the four experi-

ments with periodical reversal polarity of the cell, characterized by the time ratio ρ.
The results show that the copper removal from the cell increases proportionally to

the ratio of time, ρ. This is consistent with the experiments, since the time ratio is

increased by reducing the time of reversal polarity, and accordingly to the fre-

quency of applied AC voltage of 50 Hz two positive effects are obtained: (a) times

greater of normal polarity for the copper removal and (b) reduction of polarization

by the periodical polarity reversal of the cell.

According to the highest copper removal efficiency of 42.2 % obtained in

experiment 2, it should be noted that in fresh mine tailings, copper could be

expected to be found as residual insoluble copper sulfide, which was not liberated

in the grinding process prior to flotation. The apparent low copper removals

obtained here were due to the soluble copper content in the tailings of 44.9 %, so

the highest removal efficiency of 42.2 % of the total copper contents seems to be

promising.

On the other hand, the content of soluble copper is variable due to the hetero-

geneous origin of the mine tailings in the ponds, among other reasons: copper

grades depend on the original characteristics of the tails disposed, aging of the

tailing in the ponds as consequence of physical–chemical changes due to

weathering and bacterial actions in time. The use of this remediation technology

will imply the periodic application of the method in order to remove the additional

soluble copper that will be generated with time. Therefore, the remediation action

for this heterogeneous solid waste is to remove the soluble copper in the tailings and

in this way making the final residue more stable.

Table 8.7 Removal and/or

accumulation [%] vs. time

ratio ρ Exp ρ [–]

Anode Center Cathode Cell

1� CF

C0

� �
� 100

1 1.50 19.6 4.3 33.7 19.2

5 1.50 50.0 �3.3 8.7 18.7

6 1.86 46.7 0.0 33.7 28.2

2 2.33 54.3 31.5 38.0 42.2
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8.3 Conclusions

One disadvantage when remediating soil or another solid porous waste material by

a constant electric DC field is the buildup of a concentration polarization, which

will increase the electrical resistance of the whole process. Therefore, it is impor-

tant to find ways to diminish this effect. The main key to do this is to manipulate the

electric field without affecting the overall remediation efficiency.

In this work, two possible options to reduce the polarization—and thereby the

electrical resistance—were shown. One way was to apply the DC field in pulses,

with a long period with the electric field on, followed by a sort period with the

electric field off. The second possibility was to apply a combined AC–DC field in a

manner that the net electric field was in the direction of the cathode but during the

process, short periods with current reversal occurred.

In both cases, the remediation time decreased remarkably and thereby showing

their potential for further development. Of course, these findings are based on

laboratory experiments done on one type of waste (copper mine tailings), but still

it is expected that EKR on other waste materials will follow the same trends as

found here.
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Chapter 9

Electrokinetics as an Alternative for Soil
and Compost Characterization

Alejandro Serna González, Lucas Bland�on Naranjo,

Jorge Andrés Hoyos, and Mario Vı́ctor Vázquez

9.1 Introduction

Electrokinetic remediation is an environmental technique, especially designed for the

in situ restoration of contaminated soil (Reddy andCameselle 2009). The technique is

based on the application of a direct electric current to the contaminated soil through

two main electrodes (anode and cathode). The application of the electric current

induces a variety of reactions in contaminants and soil, which results in the mobili-

zation of the contaminants and their transportation towards the main electrodes and

out of the contaminated soil. The main two transportation mechanisms are called

electromigration and electroosmosis. Electromigration is the movement of ionic

species in the electric field towards the electrode of opposite charge. Thus, cations

(positive ions) move towards the cathode (the negatively charged electrode), while

anions (negative ions) move towards the anode (the positively charged electrode).

Electroosmosis is the net flux ofwater induced by the electric field through the porous

structure of the soil. The electroosmotic flux is the result of the combining effects of

the electric field and the electric charge in the surface of the soil particles. Commonly,

soil particles are negatively charged, and that surface charge is neutralized by positive

ions. When an electric field is applied to a moisten soil specimen, the positive ions,

that neutralize the surface charge, start to move towards the cathode, dragging the

solvated water molecules around. Thus, the water in the soil pores moves towards the

cathode due to electroosmosis (Cameselle and Reddy 2012).

The electric field also induces some reactions upon the main electrodes and into

the soil specimen. Those reactions include the electrolysis of water, adsorption/

desorption of contaminants on the solid particle surfaces, redox reactions, and acid/

base reactions. The global effects of the chemical reactions during the
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electrokinetic treatment are a dramatic change in soil pH, ion concentration in soil

solution, contaminant speciation, and contaminant dissolution or precipitation. In

electrokinetic remediation, the operating conditions and the addition of chemicals

are specially designed to favor the dissolution of contaminants and its transporta-

tion out of the soil. In some cases, the oxidation of the contaminants is favored into

the soil to eliminate them by in situ chemical oxidation.

Electrokinetic technology has been used for the last 20 years in the removal of

contaminants from contaminated soils. The first reports on electrokinetics were

focused on the removal of the heavy metals from soils. Then, a lot of attention was

paid to the removal of recalcitrant and hydrophobic organic compounds. Finally,

some experimental works focused in the restoration of contaminated soil with both

heavy metals and hydrophobic organics. Despite the efforts in the last 20 years in the

study and application of this technique, there is not still a standardized electrokinetic

technology that can be applied to any soil or any type and concentration of contam-

inants. This is due to the large number of variables that affect the process, including

electrical parameters, geochemistry of soils, type and concentration of the contam-

inants, and interaction of the soil-contaminant system. Furthermore, the electric field

induces temporary variations in the soil, including pH, ionic concentration, moisture

content, conductivity, and others. In fact, during the electrokinetic treatment, the

evolution of the voltage distribution along the soil sample and the electric current

intensity is the result of the changes in chemical speciation, variation in concentra-

tions, pH changes, and moisture content in the soil. The relation between the electric

parameters and the geochemistry of the system has not been explored significantly in

the literature, and there is very limited information about the relation between the

variation of electric parameters (voltage and current intensity) and the physical–

chemical characteristics of the soil-contaminant system.

A conventional electrokinetic experiment at laboratory scale consists in applying

a continuous electric field (120 V m�1) to a wet paste of soil using a pair of

electrodes, typically graphite (Vázquez et al. 2007, 2008, 2009). A schema of an

electroremediation laboratory cell is shown in Fig. 9.1.

This system can be analyzed, in a simplified way, as an electric circuit with

elements that showdifferent electrical resistance and capacitance, as shown in Fig. 9.2.

Fig. 9.1 Scheme of an electroremediation cell: A electrodes, B gas exit, C separator, D auxiliary

electrodes, E material under study (adapted from Vásquez et al. 2009)
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Within all experimental parameters that can be analyzed during and after the

electrokinetic treatment, the electrolysis current is highlighted. The magnitude

thereof depends on the availability of charged species that ensure electrical con-

ductivity within the material.

The I–t variation obtained depends on the initial conditions of the experiment.

For example, if deionized water is used in the chambers of the electrodes, it is

expected to have a gradual increase in current as the free ionic species can be

directed to the corresponding electrode. Once the conductivity values in the cham-

bers are enough, oxygen and hydrogen evolution begins with the pH gradient

corresponding to each chamber. At this point, the electrolysis current increases to

the maximum value that the conductivity of the paste, object of study, allows. The

paste conductivity is the parameter that begins to control the process.

After reaching the maximum value, the current usually decreases to an approx-

imately constant value; this behavior can be attributed to the motion of charged

species roughly retained inside the paste, i.e., there is a competition between the

electric field effect and the established equilibriums within the material. This

behavior can be observed in Fig. 9.3.

Fig. 9.2 Equivalent circuit

of an electrokinetic system.

R1 and R3 can be assigned as

the resistance in the

electrodes chamber, R2 the

resistance of the soil paste,

and C1 the capacitance of

this material

Fig. 9.3 Electrolysis

current versus treatment

time during an

electrokinetic treatment
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The behavior of the current throughout time may be, therefore, related to the

characteristics of the soil under study, especially with the presence of ionic species

weakly retained. This implies that soils with different clay and/or organic material

content should display different behavior in the change of current with time.

To use the current profile as a characterization tool is complicated as far as is a

transient, and the objective is to make a comparison with specific characterization

parameters obtained in conventional soil analysis. A more appropriate option is the

use of electric charge associated with that current. This value, obtained by inte-

grating the response i vs t, may, in some cases, be related to some characteristics of

the materials studied.

In the following examples, these types of electrokinetic characterizations are

presented.

9.2 Characterization of Soils Subjected to Thermal Shock

When a soil is subjected to thermal shock, either intentionally or naturally,

depending on the intensity, i.e., the temperature reached and the impact duration,

different types of structural changes occur, from moisture loss, decomposition of

organic matter to the most extreme case, destruction of the clay material.

Given the importance of knowing the behavior of different types of soil when

affected by fire, a significant number of scientific studies have been made by

analyzing, in field or laboratory, these structural changes (Certini 2005;

González-Pelayo et al. 2006; Arcenegui et al. 2010; Salgado et al. 2004; Carrington

2010; Esque et al. 2010; Santin et al. 2008; Ferreira et al. 2008; Notario del Pino

et al. 2007).

To analyze, through an electrokinetic technique, the changes that a thermal

treatment produces, a volcanic soil with the following characteristics was selected

(Table 9.1).

Table 9.1 Characteristics of

the soil sample
Classification, USDA, 1999 RhodicPaleustalfs

pH (H2O) 6.50

Carbon content (C) 21.73 g kg�1

Na 3.12 cmol kg�1

K 2.38 cmol kg�1

Mg 5.81 cmol kg�1

Ca 4.19 cmol kg�1

Cation exchange capacity (CEC) 51.2 cmol kg�1

Granulometry

Sand 44 g kg�1

Silt 95 g kg�1

Clay 701 g kg�1
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This soil was subjected at 300 and 500 �C for 12 and 24 h, respectively, and after

the heat treatment, it was introduced as a wet paste, in the electrokinetic charac-

terization cell. The test was performed for 28 h by applying an electric field of

120 V m�1

Given the characteristics of the applied heat treatment, particle size analysis

indicates that the percentage of clay decreased from 62.02 %, for the untreated soil,

to 17.70 % in the case of the higher temperature. Similarly, the percentage of silt

varies from an initial value of 31.74–12.44 %. Another parameter that is expected to

change with heat treatment is the organic carbon content. Thereby the content

decreases from an initial value of 21.73 g kg�1, for untreated soil, to a value of

1.48 g kg�1 after the higher temperature treatment.

These changes are reflected in variations in cation exchange capacity (from 51.2

to 32.8 cmol kg�1), so it is expected that the lower ionic availability is also

evidenced in lower values of electrolysis current. While this current can be mon-

itored during the electrokinetic treatment, it is convenient to use the corresponding

electric charge in order to obtain a unique numeric value to compare with other

parameters.

Table 9.2 shows different correlations between electrolysis charge and some soil

characterization parameters.

As seen, the electric charge obtained in the experiment can be related to the

variation of some soils’ characterization parameters when they are heat treated.

9.3 Electrokinetic Characterization of Compost

Compost is defined as organic matter that has been stabilized to become a product

with similar characteristics to soil humic substances (Haug 1993). As in soil

characterization, to determine the quality of this material, various parameters are

analyzed, such as: color, smell, texture, heavy metal content, C/N ratio, ash content,

organic carbon, pH, and cation exchange capacity among others.

Considering that the compost contains ionic species weakly retained, these may

confer conductive properties to the compost and therefore facilitate and promote its

electrokinetic characterization.

The same way as soils with different taxonomies have different behavior when

subjected to an electrokinetic treatment, compost from different sources has

Table 9.2 Correlations

between characterization

parameters and total electric

charge

Characterization variables Correlation parameter (r2)

CEC 0.725

C 0.893

Clay 0.959

C+CEC 0.963

C+CEC+Clay 0.984

9 Electrokinetics as an Alternative for Soil and Compost Characterization 165



different availability of charged species, affecting their ability to be mobilized by

an electric field.

This is evidenced by the results shown in Fig. 9.4.

For the compost obtained from the treatment of municipal solid waste, a distinct

variation is observed in regard to materials obtained from chicken manure or

mushroom crop waste. These results were obtained in laboratory experiments

using the same experimental conditions as those reported in the previous point

with the ground subjected to thermal shock.

Another aspect that could be relevant for considering the electrokinetic tech-

nique as a characterization tool is what happens when the application of the electric

field on the compost sample is interrupted. Similarly to what happens when a

capacitor is discharged, the current decays exponentially as presented in Fig. 9.5.

This current variation or better yet, the electric charge involved could be used to

characterize compost samples without the need for multiple analyses. If this charge

can be correlated with usual characterization parameters, it would be a relatively

easy way to monitor the compost maturation and/or characterization.

0 20 40 60 80 100 120 140
0

1
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Fig. 9.4 Normalized current during the electrokinetic experiment with compost obtained from:

filled circles—chicken manure, filled squares—mushroom crop waste, and filled triangles—
municipal solid waste
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9.4 Application of Artificial Neural Networks
in Electrokinetic Treatment

The variation of the electrolysis current can be used, as presented in the previous

paragraphs, to, fundamentally, evaluate corresponding electrical charge, and then,

this parameter be correlated with one or several commonly used for characteriza-

tion of soil and compost. Another possibility offered by the electrokinetic technique

is to analyze a set of responses obtained from a number of samples and try to predict

characterization parameters from these results. For this purpose, it is possible to use

artificial neural networks (ANNs).

ANNs represent sophisticated computational modelling tools, which can be used

to solve a wide variety of complex problems, therefore their actual potential in

science is high. The attractiveness of ANNs in soil science comes from their

capability to learn and/or model very complex systems, which allows for the

possibility of them being used as a tool for classification (Anagu et al. 2009;

Baker and Ellisom 2008). ANN’s theory has been widely discussed in the previous

literature. Good overview of ANN principles can be found in the monographs

(Bishop 1995; Fausett 1994); the theory of different networks has been reviewed

by (Zupan and Gasteiger 1991). ANN is a computational model formed from a

certain number of single units, artificial neurons, or nodes connected with coeffi-

cients (weights), wij, which constitute the neural structure. Many different neural
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Fig. 9.5 Normalized “discharge” current after the switch off the power sources for compost

obtained from: filled circles—chicken manure, filled squares—mushroom crop waste, and filled
triangles—municipal solid waste
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network architectures can be used. One of the most common is the feed forward

supervised neural network of multilayer perceptrons (MLP). The MLP is conven-

tionally constructed with three or more layers, i.e., input, output, and hidden layers.

A general scheme of an ANN is shown in Fig. 9.6.

Each layer has a different number of nodes. The input layer receives the

information about the system (the nodes of this layer are simple distributive

nodes, which do not alter the input value at all). The hidden layer processes the

information initiated at the input, while the output layer is the observable response

or behavior. The inputs, inputi, multiplied by connection weights, wij, are first

summed and then passed through a transfer function to produce the output, outi.
The determination of the appropriate number of hidden layers and number of

hidden nodes in each layer is one of the most critical tasks in ANN design. Unlike

the input and output layers, one starts with no prior knowledge of the number and

size of hidden layers.

The use of ANN consists of two steps: “Training” and “Prediction.” The

“Training” consists first of defining input and output data to the network. It is

usually necessary to scale the data or normalize it to the networks paradigm. This

data is referred to as the training set. In this training phase, where actual data must

be used, the optimum structure, weight coefficients, and biases of the network are

searched for. The training is considered complete when the neural networks

Fig. 9.6 General scheme of artificial neural network architecture
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achieved the desired statistical accuracy as it produces the required outputs for a

given sequence of inputs. A good criterion to find the correct network structure and

therefore to stop the learning process is to minimize the root mean square error

(RMS), where yij is the element of the matrix (N�M) for the training set or test set,

and outij is the element of the output matrix (N�M) of the neural network, where

N is the number of variables in the matrix and M is the number of samples. RMS

gives a single number which summarizes the overall error.

For this analysis, six soil samples with different characteristics from the island of

Tenerife (Spain) were studied. The samples were subjected to an electrokinetic

treatment, applying an electric field of 120 V m�1.

ANN computation was performed using Trajan Neural Network Simulator,

Release 3.0 D (Trajan Software Ltd., 1996–1998, UK). All computation was

performed on a standard PC computer with operating system Microsoft Windows

Professional XP 2000.

For the study, currents obtained during 47 h or in the first 2 h of treatment were

selected, and corresponding values of cation exchange capacity were calculated,

obtaining the results shown in Table 9.3.

It is noted that, except on the soils Pachona and Erques, the values obtained

using the ANN to calculate CEC do not differ substantially from the value obtained

experimentally. It is also noted that, using the data obtained from the first 2 h of

treatment, a very good approximation to the real value of CEC is obtained, which

would make it unnecessary to use the data obtained after 47 h of treatment.

9.5 Conclusions

The possibility of mobilizing charged species by the action of an electric field,

foundation of electrokinetic technique, in compost or soil samples may be consid-

ered as an option for the characterization thereof. Through simple experiments, it is

possible to simultaneously obtain an important set of experimental parameters,

which can then be correlated with physicochemical characteristics of the materials

studied. Electrokinetic characterization could be seen as closest to the naturally

occurring processes disturbance when ionic species in soil or compost move. This

Table 9.3 Comparison of experimental and ANN predicted CEC values concerning volcanic soils

from Tenerife (Spain)

Soil CECexp CEC ANNcalc (47 h) Difference CEC ANNcalc (2 h) Difference

Ravelo 53.90 53.80 �0.10 53.72 �0.18

Junquito 32.00 32.00 0.00 30.08 �1.92

Pachona 44.40 44.40 0.00 49.27 4.87

Los Lirios 53.40 53.39 �0.01 49.08 �4.31

La Laja 23.70 23.81 0.11 24.03 0.32

Erques 26.70 26.70 0.00 29.33 2.63
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would be a point to be considered in comparison to conventional methods of

analysis, for example, for determining the content of organic material or cation

exchange capacity, where extreme changes are applied.
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Chapter 10

Life Cycle Assessment of Soil
and Groundwater Remediation:
Groundwater Impacts of Electrokinetic
Remediation

Luı́s M. Nunes, Helena I. Gomes, Margarida Ribau Teixeira,

Celia Dias-Ferreira, and Alexandra B. Ribeiro

10.1 Introduction

Life cycle assessment (LCA) methodologies have well-developed methods for

assessing environmental impacts for emissions to air, surface water, and surface

soil, but deep soil emissions and emissions to groundwater have received little

attention (Cappuyns 2013; Lemming et al. 2010). Fluoride emissions to groundwater

were included in the LCA of a landfill containing spent pot lining by Godin

et al. (2004); concentrations of fluoride as a function of time at a point of discharge

to the (surface) aquatic environment weremodeled using the 3D saturated/unsaturated
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FRAC3DVS software (Therrien and Sudicky 1996). Given that LCA classification,

characterization, normalization, and weighting were made using EDIP97 method

(Wenzel et al. 1997), impacts to groundwater were in fact not considered. These

were introduced in the EASEWASTE model (DTU 2012; Kirkeby et al. 2006) as an

additional impact category, designated “Spoiled Groundwater Resource”. The impact

quantification is made, simply calculating the amount of groundwater necessary to

dilute the leachate, so that it meets drinking water standards (in m3/person/year).

Leachate may reach groundwater without attenuation; or a constant attenuation factor

(AFR) may be introduced by the modeler, in fact reducing by a constant factor, the

amount of a substance that reaches groundwater. The model does not consider the

transport of the substance nor its substance transformation. In addition, the exploita-

tion of groundwater resources is also not considered. In fact, groundwater as a natural

resource is seldom considered in LCA remediation studies, with the exception of

process water (i.e., excluding other indirect impacts), and the volume lost due to local

contamination. Diamond et al. (1999) is an exception, though no indication is given as

to the specific characterization factors. Table 10.1 presents an updated summary of

LCA-based evaluation of soil remediation interventions.

Regional impact of groundwater extractions has not largely been considered in

LCA as well, nor their relation to surface water bodies and groundwater-dependent

ecosystems. These aspects are now compulsory in the management of water

resources in Europe, under EU Water Framework Directive (2000/60/EC of the

European Parliament and of the Council of 23 October 2000). Future developments

in LCA will necessarily have to include these relations in the characterization of the

impacts. Recent developments along this line are discussed in Sect. 10.2.

Given the strong retardation that many pollutants undertake in the soil, the

temporal factor is very relevant in the groundwater compartment, as contamination

may extend for decades. Moreover, groundwater contamination due to industrial

sources tends to be spatially concentrated, dispersing from the point of origin

depending on hydrogeological conditions, soil retention capacity, pollutant’s deg-

radation rates, and time. However, due to temporal and spatial aggregation during

the LCI phase, a simultaneous exposure is assumed in LCA (Flemstr€om et al. 2004),

which may be limiting for the correct assessment of impacts, in particular those

related to health and ecological impacts. As stressed by Owens (1996), in the case

of local and transient categories, the impact indicators used in LCA are not a

plausible means for detailed understanding the impacts. This problem is particu-

larly relevant in human toxicity assessment, since the probability of surpassing

thresholds is the main point of attention, while LCA only provides concentration

increases rather than environmental concentrations (Potting et al. 1999).

Methodologies combining environmental risk assessment (ERA) with LCA

methods have been proposed as a way to introduce a more in-depth toxicological

and ecotoxicological analysis in the latter. It is relevant here to make the distinction

between ERA and LCA. While the objective of LCA is to reduce the overall impact

on the environment of a product or service, in a “cradle-to-grave” perspective by

evaluating the total release of toxic substances and use of resources, ERA focuses

exclusively on toxicological and ecotoxicological impacts. Impact categories con-

sidered in LCA include (Olsen et al. 2001): Input categories (abiotic resources,
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biotic resources, land); output related categories (global warming, depletion of

stratospheric ozone, human toxicological impacts, ecotoxicological impacts, photo-

oxidant formation, acidification, eutrophication, odor, noise, radiation, casualties);

pro memoria, which include flows not followed to the system boundary (input-

related, such as energy, materials; output related, such as solid waste). The scales at

which these categories are evaluated are very different, though. Some can only be

evaluated at the global scale, such as global warming, depletion of stratospheric

ozone, and some biotic resources. Others are local, such as land, odor, and casualties.

Human toxicological and ecotoxicological impacts may, however, be evaluated at

different scales, reason why LCA complements well with ERA. Category end points

are also similar or convertible. Most methods include (eco)toxicological analysis,

though with variable depth and assumptions (EC 2010a; Lehtinen et al. 2011).

LCA is prone to many uncertainty sources, namely arising from: (1) the use of

different spatial and temporal scales for different impact categories; (2) assuming

linear relationships between pressures and impacts, even for nonlinear processes,

such as acidification, photosubstance smog, pollutant transport in the subsoil, and

ecotoxicity; (3) not considering natural thresholds, since the evaluation takes into

account only the change in the evaluated parameter, disregarding the background

value; (4) the lack of standardized characterization factors and category end points;

(5) data quality and availability. Scaling factors have been proposed to scale large-

scale processes down to regions, which may help reduce the scale effect. These are

numerical scores used to indicate ranges of the degree of sensitivity that a particular

region has for the selected impact category (Potting and Hauschild 1997; Tolle

1997). Unfortunately, some uncertainty is also introduced through the sensitivity

scaling factors. The inaccuracies and uncertainties raised by the use of differing

data and methods in LCA, sometimes with contradictory results when different

methods were used (Ayres 1995; Owens 1996; Potting et al. 1999; Villanueva and

Wenzel 2007), led international agencies, in particular in the European Union, to set

minimum reference data and recommended methods for more reliable LCA studies

(EC 2010a, b, 2011, 2012), though the benefits of such normalization can only be

evaluated within a few years. Unfortunately, for natural resources, no recommen-

dation was made, which leaves out a very broad range of impacts, including those

on surface and groundwater resources.

The present chapter discusses the inclusion of a “Groundwater” category in

LCA, along with an adaptation to existing methods for impact assessment to

include the mobility and fate of substances.

10.2 Remediation with Electrokinetic Methods

Electrokinetic remediation (EKR) also called electrokinetics, electroremediation,

or electroreclamation is a solid technology that has been successfully used since the

late 1980s to treat contaminated soils, especially low-permeability soils (Lageman

et al. 1989; Pamukcu and Wittle 1992; Acar and Alshawabkeh 1993; Probstein and

Hicks 1993; Ottosen et al. 1997). Electrokinetics can be defined as the application
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or induction of a low-level direct current in the order of mA cm�1 of cross-sectional

area between the electrodes or an electric potential difference about few V cm�1

across a soil mass containing fluid or a high fluid content slurry/suspension, causing

or caused by the motion of electricity, charged soil and/or fluid particles (Sun

2013). In this method, the current acts as the “cleaning agent”, generating transport

processes (as electroosmosis, electromigration, and electrophoresis) and electro-

chemical reactions (electrolysis and electrodeposition) (Acar and Alshawabkeh

1993) as shown in Fig. 10.1.

Early EKRmodels assumed that electroosmosis (field-induced convection ofwater
through a porous medium towards the positive or negative electrode depending on

the overall surface charge of the porous material) was the only significant transport

process (Page and Page 2002). This approach was inadequate for explaining the

movement of ionic species (ions and ionic complexes) in the aqueous pore solution,

which mainly depends on electromigration (field-induced transport of ions in an

electrolyte towards the electrode of opposite charge). Electromigration occurs in

two steps: (1) desorption of ions from the soil mineral surface to the pore fluid,

and its (2) subsequent migration through the pore fluid (Yuan et al. 2008). The

electromigration flux is determined by the ionic mobility, tortuosity, porosity of the

material, and charge of the ions (Acar andAlshawabkeh 1993). In the case of colloidal

suspended charged particles (colloids, clay particles, and organic particles), electro-

phoresis is the prime transport process.Diffusion is the movement of the ionic species

in soil solution caused by concentration gradients formed by the electrically induced

mass transport. Diffusion is often ignored when studying EK as the ionic mobility of a

species is much higher than its diffusion coefficient (Acar and Alshawabkeh 1993).

Electrochemical reactions are also important in electroremediation. Electrolysis

reactions prevail at the electrodes, due to the oxidation occurring at the anode and

the reduction at the cathode, resulting in water electrolysis, generating an acid front

from the anode, whereas reduction at the cathode produces an alkaline front:

2H2O� 4e� ! O2 " þ4Hþ E0 ¼ �1:229 V anodeð Þ ð10:1Þ

Fig. 10.1 Representation of the main phenomena occurring in electrokinetics
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2H2Oþ 2e� ! H2 " þ2OH� E0 ¼ �0:828 V cathodeð Þ ð10:2Þ

The migrating fronts influence the physicochemical properties of the soil–water–

electrolyte mixture, thus influencing the remediation effectiveness. Secondary

reactions may occur depending on the concentration of available species like metals

Me, for example (Acar and Alshawabkeh 1993):

Hþ þ e� ! ½ H2 " ð10:3Þ
Menþ þ ne� ! Me ð10:4Þ

Me OHð Þn sð Þ þ ne� ! Meþ nOH� ð10:5Þ

The removal of heavy metals from soils is one of the most-studied processes in

electroremediation (Virkutyte et al. 2002). Despite the success at bench scale, there

are limited full-scale applications for soil remediation (Fig. 10.2) due to the

treatment cost, technical challenges, complex geochemical conditions, and in

some cases the need for acidification to induce desorption (Alshawabkeh 2009).

The use of EKR in situ has some advantages, such as (1) the minimization of the

site disturbance and posttreatment volume of waste material; (2) it is well suited for

fine-grained, heterogeneous media, where other techniques are ineffective; (3) it

can remove organic and inorganic pollutants from soil simultaneously; and (4) there

is a lower risk of exposure to adsorbed contaminants through groundwater to the

workers and surrounding population (Alshawabkeh 2009; Kim et al. 2011). In field

applications, EKR involves the installation of electrodes into multiple wells within

a contaminated site, followed by the application of a low electric potential across

the electrodes. The contaminants are extracted and treated as they migrate and

reach the electrode wells.

The use of EKR for remediating soils with organic contaminants was first tested

with phenol (Acar et al. 1995), chlorinated solvents (Rabbi et al. 2000; Rohrs

et al. 2002), petroleum hydrocarbons (Park et al. 2005; Murillo-Rivera

et al. 2009), herbicides (Ribeiro et al. 2005, 2011), creosote (Mateus et al. 2010),

calmagite (Agarwal et al. 2008), and polycyclic aromatic hydrocarbons (PAH)

(Maini et al. 2000; Niqui-Arroyo and Ortega-Calvo 2007; Alcántara et al. 2010;

Pazos et al. 2010; Lima et al. 2011, 2012a, b). The use of different enhancement

methods, such as the use of surfactants to enhance EKR of organic compounds, was

reviewed by Gomes et al. (2012) and Cameselle et al. (2013).

Challenges for upgrading EKR to full scale include: (1) conditions tested in the

lab may not be suitable for real sites, (2) real contamination may be complex and

difficult to reproduce at lab scale, (3) the remediation time is too long and the whole

operation process is too complicated to be controlled and/or simulated, (4) the

electrode conditioning solutions are difficult to inject, (5) the technology may be

not sustainable, (6) the treatment cost is too high (although electricity costs often

account for only 15 % of the total cost, with major cost drivers being electrodes,
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electrolyte, anode/cathode reservoir agents, monitoring, and waste management)

(Ren et al. 2014). Although the transport processes are well defined, the contami-

nant removal is complex, highly dependent on variables such as soil mineralogy

and organic constituents, the pollutant type, treatment time, electrolyte solution,

applied voltage, and resulting current (Herrada et al. 2014; Alshawabkeh 2009).

In EKR field applications, the type of electrode is very important. The electrodes

should be electrically conductive, chemically inert, porous, and hollow (Ribeiro

Fig. 10.2 Timeline of the main pilot and full-scale applications of electrokinetics (Page and Page

2002; Lageman et al. 2005; Virkutyte et al. 2002; Ottosen et al. 2008; Yeung 2011; Alshawabkeh

2009; Kim et al. 2012)
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and Rodrı́guez-Maroto 2006). The hollow can work as an outlet of solutions from

the subsurface or as an inlet for enhancing agents. The anode operates under highly

corrosive conditions and needs to be very resistant. Materials such as graphite,

coated titanium, or platinum have been used as anode at lab scale, to prevent

dissolution of electrodes and generation of undesirable corrosion products in an

acidic-oxidant environment. When upscaling steel and stainless steel pipes are

frequently used due to the lower cost. Sacrificial electrodes (in iron, for example)

can also be used as the anode, and any conductive material that does not corrode in a

basic environment can be used as the cathode (Kim et al. 2011). A hollow stainless

steel electrode system was slightly more effective than one with PVC casing, even

though the total energy consumption was 5.3 times higher (Kim et al. 2013a).

However, this system failed to circulate the anolyte to enhance the metals desorp-

tion, due to leakages. An effective anolyte circulation system could enhance the

overall EKR performance.

The electrode configuration is also important. One-dimensional and

two-dimensional systems of electrodes have been used. In the simplest configura-

tion, a group of sheet electrodes, electrode trenches, or lines of rod electrodes

placed in boreholes produce a one-dimensional approach (Ribeiro and Rodrı́guez-

Maroto 2006). When two-dimensional systems (triangular, square, hexagonal, or

circular) are employed, the main objective is the generation of a radial or axial-

symmetrical flow from the peripheral electrodes to the central one. If the selected

contaminants to be removed are positive ions of heavy metals, the peripheral

electrodes will be anodes and the central, a cathode, favoring high concentrations

of cations around the central zone and their easier and faster removal. If anions are

to be removed, the polarity of electrodes reverses this position (Ribeiro and

Rodrı́guez-Maroto 2006). Square and hexagonal configurations with 2 m of elec-

trode spacing showed the higher removal efficiency of As, Cu, and Pb (Kim

et al. 2013b). A different approach is proposed in an in situ electroremediation

technology called Lasagna™ (Ho et al. 1995, 1997, 1999a, b) that employs the

horizontal layering of electrodes and treatment zones for sorption, immobilization,

and/or degradation of contaminants.

Dense electrode configurations can result in high current under a constant

voltage gradient, which raises soil temperature and causes unnecessary electrical

energy consumption (Kim et al. 2012). Additionally, the soil temperature increase

transported pore water from the bottom to the top layer, which caused metal

accumulation in the topsoil layer (Kim et al. 2012).

EKR is highly dependent on site-specific geochemical conditions such as soil

composition, native electrolytes, contaminant aging, and contaminant mixtures

(Reddy 2010). An important limitation of the process is the “focusing” effect

(Probstein and Hicks 1993) that happens when the acid and alkaline front meet,

favoring the metal precipitation, as the pH of minimum solubility generally occurs

at the isoelectric point (Li et al. 2012). Solutions like approaching anodes have been

proposed to minimize this effect and optimize EKR effectiveness (Li et al. 2012;

Zhang et al. 2014). On the other hand, the groundwater flow, gravitational force,
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and electroosmotic flow, combined together, affect complexly the transport of

mobilized contaminants (Kim et al. 2012).

The sustainability assessment of three different remediation technologies in a

contaminated site in Illinois, USA, showed that EKR was more advantageous than

phytoremediation and excavation (Reddy 2013). The evaluation was made with

GREM (Green Remediation Evaluation Matrix) and SiteWise™. However, in this

case study, the groundwater was not contaminated, nor the impacts of the remedi-

ation process in the groundwater quality were considered.

Another case study of an in situ pilot scale EKR treatment in South Korea

considered the environmental impacts of the major phases: remedial investigations,

remedial action construction, remedial action operation, and long-term monitoring

using SiteWise™ ver. 2 (Kim et al. 2014). The major focuses were greenhouse gas

(GHG) emissions, total energy used, air emissions of criteria pollutants, such as

NOx, SOx, and PM10, and water consumption, and the potential impacts on

groundwater were also overlooked.

The efforts to turn EKR more sustainable are concentrated in the use of alter-

native materials, the reuse/recycling of electrodes, and alternative energy sources

such as solar energy (Yuan et al. 2009; Zhou et al. 2013) for the system operation.

10.3 Assessing Impacts in Groundwater Resources

Lemming et al. (2010) justify the inexistence of a “groundwater” category in LCA

studies due to the fact that the medium is not included as an emission in LCA

models, along with the fact that, in many countries, groundwater is not an important

source of drinking water. We may also add that groundwater is seen by LCA

modelers as a local category, acting more as a sink (boundary) for contamination

than as a relevant environmental medium, naturally connected with surface water

and on which many ecosystems depend upon. It is worth noting that the end points

currently used in LCA for ecological assessment aren’t without critique, namely

because scale considerations are largely absent; there is a disproportionate focus on

indicators reflecting changes in compositional aspects of biodiversity, mainly

changes in species richness, and functional and structural attributes of biodiversity

are largely neglected (Curran et al. 2011).

The most frequent approach for assessing impacts in groundwater is essentially

volumetric, since what is accounted is the amount of water pumped out and not

returned to the medium. For instance, U.S. EPA (USEPA 2008) recommends that

water withdrawn from groundwater and subsequently discharged to a surface water

body should be included, because the groundwater is not replaced to maintain its

beneficial purposes; however, water quantity to be estimated is net consumptive

usage, i.e., which either is incorporated into the product, coproducts, or wastes, or is

evaporated. The end point for the water use category is exclusively the loss of water

(volume). When contaminants’ load is considered, LCIA focuses traditionally on

the emitted mass, not on the concentration, which disregards of the temporal course
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of the emissions, and the slow movement and substance transformations in the

subsoil.

To the authors’ knowledge, the first article outlining methodologies to calculate

characterization factors that address the effects of groundwater extraction on the

species richness of terrestrial vegetation was first proposed by Zelm et al. (2011) for

the Netherlands. The method is data intensive and difficult to adapt to other case

studies. Simultaneously, the team involved in EU project LC-IMPACT—

“Improved Life Cycle Impact Assessment Methods for Better Sustainability

Assessment of Technologies” was also developing characterization factors, in

particular for wetlands with varying degrees of complexity, to better adapt to a

broader range of practical applications (Amores et al. 2013; Verones et al. 2012,

2013a, b). Both methodologies focused in the hydraulic balance of the system and

in the impacts that water deficits may cause on biodiversity (usually as potentially

disappeared fraction of species or potentially disappeared number of species). The

synergic effects of water quantity and water quality are, however, absent. To the

moment, no characterization factors were developed for substance impacts on

groundwater-dependent ecosystems due to the transport, or removal/accumulation,

of substances in groundwater. Human toxic impacts due to contaminant leaching

into groundwater that is used for drinking water have been quantitatively deter-

mined using the methods of environmental risk assessment (RA) (Lemming

et al. 2012). This approach has some issues, though, namely regarding time,

space, boundaries, and data requirements. Conceptually, time could be the same

for LCA and RA, but the choice of time frame for LCA in soil remediation

processes has proven difficult to establish. Several periods have been considered,

namely 20 years (Suer and Andersson-skold 2011), 25 years (Diamond et al. 1999),

30 years (Suèr et al. 2004), 50 years (Bender et al. 1998), and over 800 years

(Lemming et al. 2012). Many of these periods are lower than the reference exposure

period of 70 years considered in chronic health risk assessment studies, limiting the

use of health risk assessment in the context of LCA. In what concerns space, there

are important differences, since the space for LCA is defined by following conse-

quences up and downstream, while space for RA is a downstream analysis. The

latter has not the problems with well-defined system boundaries and limitations

since all consequences should be found (Flemstr€om et al. 2004). The majority of

existing models for assessing groundwater concentrations require detailed infor-

mation about soil and substances properties, which are usually not available, nor are

they possible to obtain in the scope of LCA studies. At present, no simple generic

model has been proposed for the evaluation of pollutant transport and fate in the

subsoil, and how these concentrations convert into impacts. The most common

approaches for LCIA are: (1) the amount of a substance leached into groundwater is

divided by the accepted concentration limit in groundwater, estimating how much

groundwater could be contaminated to the limit values by the leaching (Christensen

et al. 2007), and this is designated as the critical-volume approach (Heijungs

et al. 2004); (2) to assume that all mass entering the aquifer is captured by supply

wells and that no further degradation or purification takes place after the contam-

inants enter the aquifer (Lemming et al. 2010, 2012). In this latter approach, the
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exposure concentration in the drinking water, C (g/m3), at any given time, t, is
estimated by dividing the mass discharge, J (g/year), by the annual pumping rate at

the waterworks, Q (m3). The accumulated intake of the substances by the exposed

population supplied from the waterworks is estimated by integrating over time the

drinking water concentrations multiplied by the daily-ingested groundwater volume

(op. cit.). LCIA methods vary significantly on the assessment of effect and severity.

Some just evaluate exposure, while others go into detailing specific health end

points. Readers are referred to EC (2011) for a detailed comparison of models.

LCA has been shown to complement well with RA, as it helps to identify

significant environmental issues (i.e., significant ecotoxicological potential impact)

and therefore identify the necessity to proceed to a complete ERA (Godin

et al. 2004). While LCA’s objective is to reduce the overall pressure on the

environment of an entire product system from cradle to grave, being environmental

loading focused, the objective of an ERA is to guarantee the environmental safety

of a product, being receptor focused (Flemstr€om et al. 2004).

In the characterization phase of LCIA, the value of potential impact indicators is

calculated, which result from applying a characterization model to the inventory

data. The usual procedure is to multiply each environmental intervention with the

corresponding characterization factor, and finally aggregating by impact category

(10.6). Indicators may subsequently be grouped, normalized and weighted (ISO

2006).

lgw, i ¼
X
k

CFgw,k, i � mk, i ð10:6Þ

where Igw,i is the indicator result for impact category groundwater for substance i;
CFgw,k,i are the characterization factors relating the emission of substance i in
intervention k with the impact category; and mk,i is the magnitude of intervention

k, for instance, the amount of the substance i that is emitted and may reach

groundwater.

Characterization factors may be obtained from characterization models, which

may be based on (1) the critical-volume approach, (2) in more evolved fate-eco

(toxicological) models; or, as proposed here, (3) in a combination of the former

with soil and groundwater fate parameters.

In the critical-volume approach, the characterization factors are calculated by

CFgw, i ¼ 1

TVgw, i
ð10:7Þ

where TVgw,i are the threshold values for groundwater quality for substance i. For
instance, if a substance has a threshold of 5 μg L�1, then a kg can pollute a volume

of 1/5� 106¼ 2� 105 m3. Instantaneous mixing of a conservative substance is

assumed, which is a very strong assumption for groundwater pollution given the

large times a substance may take to travel and the many physical–chemical pro-

cesses with the solid matrix that retard the movement. The values of TVgw,i depend
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exclusively on the effect of the substance on the receiving human or ecological end

point, having no relation to environmental conditions, such as medium permeabil-

ity, (ad)sorption, physical and biochemical conditions; nor to the properties of the

substance.

Fate-eco (toxicological) models already contemplate the fact that substances

will react in the environment, while the ecological and toxicological effects are

considered (frequently in the form of (10.7)). These are commonly associated to

multimedia transport models to estimate environmental concentrations in the dif-

ferent environmental compartments, though less frequent in groundwater studies,

where analytical solutions and methods based on partial differential equations are

usually used. Characterization factors are in the form

CFgw, i ¼ EFgw, i � FFgw, i ð10:8Þ

where EFgw,i is the effect factor in groundwater for substance i; and FFgw,i is the fate
factor for substance i, which includes all transformations affecting the substance

beginning in the location where it entered the environment. When very evolved and

detailed environmental fate models are used, LCA becomes very similar to RA,

though applied in a larger domain due to a broader definition of system boundaries.

For instance, the concentration of substance i in environmental compartment j, in
equilibrium with compartment g is generically given for multimedia equilibrium

models by (Heijungs et al. 2004)

Ci, j ¼
X
j 6¼g

Tg j, i
mg, i

t
þ T j, i

m j, i

t
ð10:9Þ

where Tgj,i is the transport coefficient from environmental compartment g to j (for
instance, from surface water to groundwater or from soil to groundwater); Tj,i is the
removal of the substance from compartment j by transport and degradation; t is an
arbitrary modeling time necessary to accommodate the steady-state flow and

emission rates. Any other modeling method may be used to obtain the predicted

environmental concentrations, Cgw,i. Once calculated, the indicator becomes

Igw, i ¼
X
i

Cgw, i mið Þ
TVgw, i

ð10:10Þ

Unfortunately, in many instances, the data necessary for calibration and validation

of the models isn’t available, so more expedite solutions are required. The simplest

approach is the critical-volume, as seen above. However, for groundwater, more

than for other environmental media, the complete instantaneous mixing of conser-

vative substances is far too large a simplification, which may lead to large over-

valuation of impacts, in particular if many substances are included in the

assessment.
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10.3.1 Proposed Characterization Factor

Here we propose the introduction of a fate factor in the characterization factor for

groundwater, which is simpler than the modeling approaches and is introduced to

weight the contribution of different substances to the indicator value. The proposed

scheme differs from the weighting elements of LCA (ISO 2006) in that it is not

converting nor aggregating indicator results across impact categories. The objective

of the weighting is here to distinguish substances by their mobility and degradabil-

ity, attributing a larger weight to those that are expected to contaminate a larger

aquifer volume, in a shorter period of time. The new characterization factor is

altered from the critical-volume approach by introducing a rank order weight in

(10.7):

CFgw,k, i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1

TVgw, i

wi

s
ð10:11Þ

BeingWi the rank order of the substance according to a chosen scoring and ranking

methodology, as described below. Wi is the position in an ordered series of risk a

substance poses to groundwater. The indicator is then calculated using (10.6). This

altered CF will make that less mobile and/or less persistent substances contribute

less to the value of the indicator, as they should.

The altered CF may help correct the unrealistic instantaneous, complete dilution

assumption discussed above. Substances ranking higher will dissolve more,

degrade less, and retard less, contaminating large volumes; in opposition to low

ranking substances, which are more reactive, retarding and degrading more, and

contaminating smaller aquifer volumes. The method, at the moment, can only be

applied to organic contaminants, as no ranking system has yet been proposed for

metals.

10.3.2 Ranking Order of Substances

A substance is highly mobile in subsoil if its soil organic carbon–water partitioning

coefficient, as Log KOC [Log(mL g�1)], is lower than 1; and immobile if it is higher

than 5. In between these two extremes, several other classes of mobility can be

established, as presented in Table 10.2.

Biodegradation reactions depend on environmental conditions, in particular, soil

pH, temperature, presence of electron donors and acceptors, and presence of

specific microorganisms. Biodegradation is limited by (Schwarzenbach

et al. 2003): (1) bioavailability of the contaminant, namely the delivery to

the organisms’ metabolic apparatus capable of transforming the chemical, (2) the

enzyme’s ability to mediate the initial transformation of the chemical, or (3) the

growth of a population of microorganisms in response to the presence of a new
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substrate. In general, biodegradation is conditioned by the rate of microbial popu-

lation increase.

Depending on the factors limiting population growth, different mathematical

formulations have been proposed, namely: (1) the first-order biodegradation

(removal) model; (2) the Monod model (also known as Michaelis–Menten kinet-

ics); (3) the instantaneous reaction model (electron-acceptor-limited) (Borden and

Bedient 1986; Borden et al. 1986; Koussis et al. 2003); and (4) biogeochemical
models (McNab and Narasimhan 1994; Postma and Jakobsen 1996). The first-order

removal model is described by a power function given by

dC

dt
¼ �bC ð10:12Þ

where b is the biodegradation rate constant (T�1 (M/L3)1�d), which after integration

results in

C tð Þ
C0

¼ e �bdt½ � ð10:13Þ

The value of the biodegradation rate when the concentration is half of the initial is

b ¼ ln 2½ �
t1=2

ð10:14Þ

The parameter t1/2 is the half-life (T ) of the contaminant in a given environment.

Table 10.3 shows FAO’s classification for degradability according to half-life.

The ranking Wi is an ordered series of scores calculated with one of the models

presented below, where the substances are ranked from the highest mobility to the

lowest. Hence, the substance with the highest mobility will have a Wi¼ 1. Sub-

stances with equal scores receive the same rank.

The revised AFR proposed by Li et al. (1998) is based on conceptual models of

water flow and chemical fate, based on the value of net recharge rate, q, ground-
water depth, d, water content at field capacity, θFC, chemical half-life in soil, t1/2,
soil bulk density, ρb, fraction organic carbon content, fOC, and KOC.

Table 10.2 Classification of

mobility according to FAO

(2000)

LogKOC Classification

<1 Highly mobile

1–2 Mobile

2–3 Moderately mobile

3–4 Slightly mobile

4–5 Hardly mobile

>5 Immobile
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AFR ¼ ln
dθFC 1þ ρb fOCKOCð Þ=θFC

qt1=2

� �
þ k ð10:15Þ

With k, a constant big enough to insure that AFR is greater than unity. More mobile

substances receive lower AFR values.

The groundwater ubiquity score (GUS) (Gustafson 1989) is one of the best well-

known models to rank mobility of chemicals in soil. It is based on only two

properties of the chemical, half-life in soil and KOC

GUS ¼ log t1=2
� �

4� log KOCð Þð Þ ð10:16Þ

The equation separates substances considered as leachers, i.e., that may migrate

down to groundwater, from those that are retained in the soil, or that degrade fast in

the soil. GUS> 2.8 identifies very mobile substances (leachers); GUS< 1.8 iden-

tifies substances that do not leach; substances with GUS values in between indicate

substances for which evidence, at the date, of leaching was either incomplete or

contradictory. Being dependent only on properties of the chemical, it is less

susceptible to uncertainties introduced with the soil matrix and recharge, but, is

on the other hand, not suitable for case-study application.

Following the works of Rao (1985) and Jury (1987), Meeks and Dean (1990)

introduced the Leaching Potential Index (MPI), which is obtained by inverting the

exponential in the AF model.

LPI ¼ 1000qt1=2
Rdln 2ð Þ ð10:17Þ

With R¼ ρbfOCKOC.

Nunes et al. (2011) proposed the Naphthalene Exposure Risk Index (NERI) for

ranking the potential risk of exposure to organic contaminants in industrial areas in

the saturated zone. It may be seen as a complement to GUS, which evaluates the

mobility of a substance in the unsaturated zone toward the groundwater. NERI is a

weighted sum of the logarithms of solubility, half-life, density, and KOC. The

weights are logarithms of the values of the respective properties for naphthalene,

chosen because it has a GUS value of 1.8, being at exactly the limit between a leacher

and a non-leacher chemical. The first two parameters enter as positive values, while

the latter two as negative, reflecting the fact that higher solubility and persistence

contribute to increased mobility; whereas density and KOC have the opposite effect.

The ranking of chemicals is made from the more mobile (highest NERI) in class

Table 10.3 Classification of

degradability (FAO 2000)
t1/2 (days) Classification

<20 Readily degradable

20–60 Fairly degradable

60–180 Slightly degradable

>180 Very slightly degradable
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(i) to the least mobile (lowest NERI) in class (iii). The method correlates well with

scores obtained with GUS, with the exception of chemicals with more extreme

properties, as, e.g., 1,2-dibromoethane due to its high density, and benzo(k)

fluoranthene due to its low solubility. NERI is an empirical index which considers

that higher solubility and half-life times contribute to increasing the probability of a

contaminant to migrate between the source and the receptor; contaminants denser

than water will migrate more vertically, therefore increasing their vertical mobility,

but decreasing the horizontal; higher adsorption will always cause retardation,

thereby decreasing the probability of the contaminant reaching the receptor by

providing more time for degradation. The constant on the last term of the second

equation serves for zeroing the index for naphthalene. The NERI is obtained by the

following equations for the horizontal and vertical directions. NERI values above

zero indicate mobile substances; while below zero indicate the opposite. Note that

the units of solubility and half-life must be chosen such that the logarithm of the

values for naphthalene is not negative to avoid inversing the ranking.

NERIH ¼ Log Sið Þ
Log SNaph

� �þ Log t1=2i
� �

Log t1=2Naph
� �� ρi

ρNaph
� Log KOCið Þ
Log KOCNaph

� � ð10:18Þ

10.4 Example of Application of the Adapted
Characterization Factor

To illustrate the method proposed above, the following substances were chosen:

polycyclic aromatic hydrocarbons naphthalene (Naph) and benzo(α)pyrene (BaP),
phenol (Phe), and trichloroethylene (TCE). Their water solubility, mobility, and

persistence in soil and groundwater are indicated in Table 10.4. The soil and local

properties were: q¼ 0.000822 m/d; d¼ 5 m; sandy soil with θFC¼ 0.3; θ¼ 0.43;

ρb¼ 1.5 g/cm3; fOC¼ 0.006.

Given the large range of values published for many of the chemical and fate

properties of substances, the probabilistic quantitative assessment was made with

Monte Carlo simulation (MCS) to evaluate the impact of the uncertainties on the

Table 10.4 Chemical properties of selected substances found in contaminated soils. Medians of

published values (Mackay et al. 2006). TVi are the Portuguese groundwater quality guidelines

(INAG 2009, 2011)

Property

Substance

B(a)P Naphthalene Phenol TCE

LogKOC 5.79 3.02 1.56 2.13

t1/2 in soil (d) 1 103 115 8.5 161

t1/2 in gw (d) 1 060 258 7.0 720

S (g m�3) 0.00266 31.17 102,442.6 1338.2

ρ (g cm�3) 1.24 1.03 1.05 1.62

TVi (mg m�3) 0.01 2.4 0.182 0.2
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estimated scores. During simulation values are picked from probability density func-

tions (pdf) obtained from published data, and used to determine the scores until the

limit number of trials has been reached. At the end of the simulation, there will be as

many score results as trials, allowing the determination of statistics for the score based

on the trials. Hence, unlike a deterministic approach, for which only one score value is

calculated, in probabilistic risk assessment, a posterior pdf for the score is obtained.

During simulation, numerical stabilitywas achieved after 50,000 trials, as indicated by

a difference lower than 1 % on the calculated values of the 50th and 95th percentiles.

To better reproduce the pdf and increase the accuracy of the estimates, Latin hypercube

sampling was used. Simulations were performed with Crystal Ball®. Chemical and

fate properties of substanceswere obtained from the “Handbook of Physical-Chemical

Properties and Environmental Fate for Organic Chemicals” (Mackay et al. 2006). Pdf

were obtained by fitting continuous statistical distributions (normal, lognormal, and

Weibull) to the chemical property data using the chi-square test when the number of

data values was superior to fifteen; and a triangular function with extremes on the

minimum and maximum and centered on the median, when lower.

The median scoring calculated by the MCS and the rankings thus obtained are

shown in Table 10.5. Interestingly, in spite of the different formulations, the scoring

methods provide similar rankings when the median score is used. B(a)P ranks as the

substancewith the lowestmobility, therefore with the potential to contaminate a lower

volume of groundwater; it is followed in increasing potential to contaminate ground-

water by naphthalene, phenol, and TCE. Only in the case of NERIh, which is specific

for the saturated zone, is the ranking slightly different, being phenol in this case more

mobile than TCE. This difference is justified by the different densities: TCE is a dense

nonaqueous phase hydrocarbon with a larger tendency to migrate vertically, dispers-

ing less with the flowing groundwater; whereas phenol has a density similar to that of

water, dispersing and diluting more in the flowing groundwater.

The scorings calculated with the different methods are, in general, much in

agreement with each other, making very clear distinction between substances with

very disparate KOC and t1/2, such as TCE and B(a)P (Fig. 10.3), if the mode or

median score values are used. Only NERI scores of substances are different when

their KOC and t1/2 are similar, due to the inclusion of water solubility and density,

where pdf curves superpose the methods cannot make the distinction between

substances, meaning that for a large set of chemical parameter values, the

Table 10.5 Scores and ranks calculated with different methods

Scoring and ranking method

Substance

B(a)P Naphthalene Phenol TCE

GUS �5.32 [4] 1.93 [3] 2.10 [2] 4.05 [1]

AFR 10.42 [4] 6.36 [3] 6.29 [2] 4.17 [1]

LPI 0.04 [4] 2.59 [3] 5.29 [2] 30.07 [1]

NERIv �3.18 [4] 0.00 [3] 2.22 [2] 2.17 [1]

NERIh �3.60 [4] 0.00 [3] 2.17 [1] 1.01 [2]

Ranks are shown in parenthesis
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substances have an equal potential for groundwater contamination. NERI is more

resilient to data uncertainty, providing a better classification. Sensitivity analysis

showed that KOC contributes to over 95 % of the variability of these scores, meaning

that small differences in the value of the parameter will have a large impact on the

estimated score (and rank). NERI is less much less sensitive to the parameter, with a

weight of around 55 %.

The characterization factors obtained by substituting the ranks indicated in

Table 10.5 and TVi presented in Table 10.4 are shown in Table 10.6. The altered

CF is lower than the original CF by a large amount. This difference is justified by the

Fig. 10.3 Posterior probability density functions of scores. The x-axis in AFR is shown in inverse

order such that more mobile substances are always shown to the right of the graphs
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cumulative effect of chemical degradation and retardation. Given the high sensitiv-

ity of the models and of real environmental mobility to KOC, soil retardation plays a

fundamental role in the estimation of the volumes of contaminated groundwater.

The retardation coefficient, Rc¼ ρbfOCKOC + 1, for the selected substances is shown

in Table 10.6. Rc for B(a)P is about three orders of magnitude higher than for Naph,

indicating that the volume of groundwater contaminated by Naph will be about 3000

times larger than by B(a)P. The original CF disregards completely this effect.

10.5 Conclusions

Exposure to contaminated groundwater is frequently assessed by modeling, but the

necessary parameter data is many times impossible to obtain in the context of LCA.

Simpler methods are therefore required. The present chapter discussed some of

these alternatives, in particular applied to soil remediation with electrokinetic

methods. A characterization factor for groundwater was proposed based on an

existing one. This altered CF receives as exponent, the inverse of the ranking

order given by a chosen scoring and ranking method. The altered CF reflects a

substance’s fate in the environment through ratios of volumes of contaminated

groundwater by different substances, which is in line with practice in groundwater

contamination studies.
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Mateus EP, Zrostlı́ková J, da Silva MDG, Ribeiro AB, Marriott P (2010) Electrokinetic removal of

creosote from treated timber waste: a comprehensive gas chromatographic view. J Appl

Electrochem 40(6):1183–1193

McNab WW, Narasimhan TN (1994) Modeling reactive transport of organic compounds in

groundwater using a partial redox disequilibrium approach. Water Resour Res 30:2619–2635

Meeks Y, Dean J (1990) Evaluating ground‐water vulnerability to pesticides. J Water Resour Plan

Manag 116:693–707

10 Life Cycle Assessment of Soil and Groundwater Remediation. . . 199

http://dx.doi.org/10.1007/s11356-013-2424-0
http://dx.doi.org/10.1016/j.electacta.2012.02.078
http://dx.doi.org/10.1021/es102007s
http://dx.doi.org/10.1016/j.jenvman.2012.08.002
http://dx.doi.org/10.1065/lca2006.10.279.2
http://dx.doi.org/10.1016/j.cej.2012.07.008
http://dx.doi.org/10.1016/j.seppur.2011.02.021
http://dx.doi.org/10.1016/j.seppur.2011.02.021


Murillo-Rivera B, Labastida I, Barron J, Oropeza-Guzman MT, Gonzalez I, Teutli-Leon MMM

(2009) Influence of anolyte and catholyte composition on TPHs removal from low permeabil-

ity soil by electrokinetic reclamation. Electrochim Acta 54:2119–2124

Niqui-Arroyo J-L, Ortega-Calvo J-J (2007) Integrating biodegradation and electroosmosis for the

enhanced removal of polycyclic aromatic hydrocarbons from creosote-polluted soils. J Environ

Qual 36:1444–1451

Nunes LM, Zhu Y-G, Stigter TY, Monteiro JP, Teixeira MR (2011) Environmental impacts on soil

and groundwater at airports: origin, contaminants of concern and environmental risks. J

Environ Monit 13:3026–3039

Olsen SI, Christensen FM, Hauschild M, Pedersen F, Larsen HF, Tørsløv J (2001) Life cycle

impact assessment and risk assessment of chemicals—a methodological comparison. Environ

Impact Assess Rev 21:385–404
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Chapter 11

Electro-desalination of Buildings Suffering
from Salt Weathering

Lisbeth M. Ottosen and Henrik K. Hansen

11.1 Introduction

Salt weathering causes decay of monuments and buildings, and this decay is a

widely recognized problem in both ancient and recent buildings made from porous

materials. The crystallization of salts causes irreversible damage to many cultural

objects such as wall paintings, sculptures, historic buildings, and other artworks

(Pel et al. 2010). Moisture transfer processes are responsible for the transport of the

salts into the porous material. The salts are transported as aqueous saline solution

and the origins of the salts are numerous. They can come from the natural environ-

ment, e.g., salty groundwater, ocean aerosols, or desert dust. The salts can also

originate from human activity and use of the building as de-icing salts from nearby

roads, farming and animal urine or storage of salted food. In addition, the salts can

originate from the construction materials themselves, e.g., in cases where unwashed

sea sand is used in the mortar.

Over time the salt concentration increases on the surface of the material (efflo-

rescence) or in the pores of the material (sub-efflorescence) as the salty water is

continuously transported into the material where after the water evaporates leaving

the salts. If the rate of resupply of solution to the surface is sufficient to compensate

the rate of evaporation, the salts deposit on the surface. If the transport rate

of the solution through the pores is too slow to compensate the evaporation, a dry

zone develops beneath the surface and the crystallization occurs within the pores of

the stone (Lewin 1982). Efflorescence is primarily a visual problem as it can be
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removed mechanically from the surface. Sub-florescence is causing salt weathering

and while the removal of water-soluble salts sounds easy, nevertheless this can

prove difficult in practice, particularly in the case of objects that are monumental in

scale (Pel et al. 2010). It is this task which can be overcome by application of an

electric DC field for removal of the solubilized salt ions by electromigration. This

method is termed electro-desalination and is the topic for the present chapter. The

focus is on describing the method and based on a literature survey to describe the

important developments and findings.

11.2 Phase Changes for Soluble Salts in Pores

The understanding of phase changes and positions of the damaging salts is impor-

tant in order to have an optimal use of electro-desalination as it is as dissolved salts

which are mobile with electromigration. Crystallization of a salt within the pores of

the material takes place when the saline phase reaches supersaturation and the

thermodynamic characteristics of the system are adequate for the formation of

nuclei, from which crystals can grow (Gomez-Heras and Fort 2007). The crystal

growth in the confined pores generates a pressure that may be too large for the

porous material to resist and the material is damaged. The crystal growth is usually

induced by changes in ambient temperature or relative humidity. Unfavorable

environmental conditions may cause repeated cycles of deliquescence–crystalliza-

tion or hydration–dehydration, which lead to the rapid decay of building materials

(Linnow et al. 2007). Salt weathering is thus controlled by fluctuations in temper-

ature and moisture, where repeated oscillations in these parameters can cause

recrystallization, hydration/dehydration of salts, bringing about stone surface loss

in the form of, for example, granular disaggregation, scaling, and multiple flaking

(McCabe et al. 2013). In some cultural heritage monuments it is the loss of surface

which is of major concern, e.g., glazing from tile panels or murals in church vaults.

In other cases the concern is on the whole material. Figure 11.1 shows examples of

salt weathering of a sandstone sculpture where the attributes of the face are lost, a

sandstone masonry where the surface is flaking, and artwork loss from a tile panel

and mural in church vault.

11.3 The Principle of Electro-desalination

Electro-desalination was developed to meet limitations of the long established

conservation technique poulticing, which is applied for desalination of porous

materials with sub-effloresce. In general the application methodology for poulticing

is relatively simple: a wet poultice material is applied to the surface of the object to

be treated, and is kept in place for some period of time before being removed. At

first water is transported from the poultice into the wall where it starts to dissolve
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the salts, then the dissolved salt ions travel in the form of an aqueous saline solution

from the wall back into the poultice (Pel et al. 2010). However, due to the complex

nature of salt problems within historic structures, the result of such interventions

can be variable and unpredictable (Sawdy et al. 2008). The amount and depth, to

which salts are mobilized during poulticing, and where they are transported to, is

dependent on the interrelationship between the poultice and the stone, the drying

conditions and also the initial salt distribution (Sawdy et al. 2008). Thus there is no

single ideal poulticing method for extracting salts (Pel et al. 2010). In practice, one

can never achieve complete desalination of a non-moveable object by use of

poultice materials. Indeed, it is therefore more accurate to refer to such interven-

tions as “salt content reduction” rather than “desalination” treatments (Pel

et al. 2010). During poulticing the major transport mechanisms for the salt out

from the stone into the poultice are diffusion and advection. A more controlled and

efficient transport for salts out from the stone may be obtained by applying an

electric potential over the infected stone as driving force as electromigration is not

controlled by the pore size and thus electro-desalination will be less dependent on

the material characteristic than poulticing and thus more generally applicable.

During electro-desalination electrodes are placed externally in a poultice on the

surface of the salt-infected material. Figure 11.2 shows the principle. The main

Fig. 11.1 Damage from salt weathering (a) Sandstone sculpture, Frederiksborg Castle, Denmark,

(b) Sandstone masonry, Frederiksborg Castle, Denmark, (c) Tile panel, Coimbra, Portugal, and

(d) Mural, Rørby Church, Denmark
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transportmechanism for the salt ions in themoist porousmaterial is electromigration.

During the process, the concentrations of ions of the damaging salts will decrease in

the stone as these ions concentrate around the electrode of opposite polarity. The

electrodes are placed in a poultice and the ions concentrate here. After the desalina-

tion the poultice is removed and hereby the damaging ions.

11.3.1 Neutralization of pH Changes
from Electrode Reactions

At both electrodes there are pH changes due to electrolysis reactions. At the anode:

H2O! 2H+ +½O2 (g) + 2e
� and at the cathode: 2H2O+ 2e�! 2OH�+H2 (g). The

pH thus decreases at the anode and increases at the cathode. It is necessary to

neutralize the pH changes to prevent severe pH changes in the material. Herinckx

et al. (2011) underlined how important it is to avoid the acidification, as in electro-

desalination experiments without pH neutralization as the experimental stones were

severely damaged close to the anode. The finding was supported by (Skibsted 2013)

who showed increased porosity close to the anode in a carbonate-bound sandstone

in case of no pH neutralization. Also in order to obtain sufficient desalination, pH

neutralization can be crucial. Kamran et al. (2012b) reported experimentally and

with numerical simulations that without neutralization at the electrodes, the desa-

lination process in bricks stopped due to formation of a sharp transition zone

between the acidic and alkaline region in the brick. This zone resulted in a large

electrical potential gradient due to the local depletion of ions. The experiments

were conducted with constant voltage, and due to the large potential gradient in the

transition zone, the electrical field diminished in the remaining brick. Conse-

quently, the desalination stagnated and sufficient desalination could not be

obtained.

Fig. 11.2 Principle

of electro-desalination
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In previous research it has been shown calcite-rich clay poultice can be used for

neutralization of pH changes at the anode. Two types of calcite-rich clay have been

tested: a calcareous clay sampled at a brick work (Ottosen and Christensen 2012)

and a pure mixture of kaolinite and calcite (R€orig-Dalgaard and Ottosen 2009). In

these poultices the calcite buffers the pH changes and the clay gives workability, so

the poultice can have optimal contact to the surface of the object to be desalinated.

The two poultices were experimentally compared (calcareous brickwork clay and a

mixture of kaolin and calcite) and both efficiently neutralized the acid from

electrolysis at the anode (Ottosen and Christensen 2012). At the end of the desali-

nation pH in the stones was similar to or higher than initially. Thus the acid from

electrolysis at the anode was successfully neutralized by CaCO3 in the poultices.

From numerical simulations and the published experimental results, the alkaline

front is not buffered in a significant manner from calcite-rich poultice (Paz-Garcia

et al. 2013). When using the CaCO3-rich poultices, the transition zone between low

and high pH is moved from the stone to the anode poultice (Paz-Garcia et al. 2012).

The increased concentration of OH� ions in the material must be counterbalanced

by cations (electro-neutrality) and in Paz-Garcia et al. (2011) it is suggested from

numerical-chemical simulations that these are mainly Ca2+ from dissolution of

calcium-carbonate in the anode poultice. There may thus be precipitation of Ca

(OH)2 in the material. Over time Ca(OH)2 react with CO2 from air and form

CaCO3, but neither Ca(OH)2 nor CaCO3 is considered damaging, because aqueous

solutions of calcium hydroxide (limewater) have been used for many centuries to

protect and consolidate limestone (Clifton 1980).

Other poultices tested in combination with electro-desalination are cotton, cel-

lulose fibers, and a mixture of calcite powder and cellulose fibers (De Clercq

et al. 2014). Wet sponges were replaced regularly (Kamran et al. 2012a, b). Feijoo

et al. (2013) used a combination of wet sponges and CaCO3-rich poultice at the

anode and kaolinite and sponge at the cathode. In Ottosen and R€orig-Dalgaard
(2007) a system with electrolyte solutions and ion exchange membranes were used

to avoid pH changes in the brick and the brick pH was only slightly decreased, but

the system was too difficult to operate, as from the compartment next to the brick the

liquid was lost either from capillary suction into the brick or leaking between the

brick and electrode unit. The solid matrix is needed at the electrodes. Also Kamran

et al. (2013) tested a system with ion exchange membranes at the electrodes (here

with a sponge between brick and membrane), and they found that the membranes

fulfilled the goal of diminishing pH changes in the brick sample, but concluded that

the system was inefficient and that the Na removal was faster in a system without the

membranes. The work with development of electrode units underlines the necessity

for using amaterial at the anode which in addition to neutralizing the acid, also gives

good electrical contact between metallic electrode and stone. Calcite-rich clay

poultice fulfills this; however, over time the clay can dry out due to evaporation of

water or electroosmosis, and thus replacement of poultice is necessary.

In addition to the pH changes also changes in redox conditions at the two

electrodes occur. Oxidizing conditions are prevalent at the anode and reducing

conditions at the cathode. It is unlikely that the O2 and H2 will diffuse through the
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dense water-saturated clay poultice in the time frame the poultice is used, or the

thickness of the poultice can be adjusted to avoid it. Another important electrode

process occurs when Cl� reaches the surface of the anode: 2Cl�+ 2e�!Cl2. The

produced Cl2 can dissociate in water to form hypochlorite, which is an oxidizing

agent. However, again diffusion through the poultice into the porous material is

unlikely when using a dense poultice of a certain thickness. The redox conditions in

the material to be desalinated are thus not expected to be influenced by the electro-

desalination, but experimental evidence has not been published. As Cl2 is toxic,

safety precautions must be taken if the electrochemical desalination is carried out

indoors. There is also a theoretical possibility for reduction of NO3
� at the cathode,

but as electromigration transports the anions in the opposite direction this reduction

is considered unlikely.

11.3.2 Electromigration and Electroosmosis
vs. Diffusion and Advection

The system as shown in Fig. 11.2 was tested with and without applied current for

comparison in (Petersen et al. 2010). The comparison is not between the two

techniques poulticing and electro-desalination as the calcite-rich poultice used was

not optimized for poulticing. The investigationwas focusing on the transport into the

poultice with and without an applied electric field during the first 3 days of desali-

nation. The resulting profiles in the 3.5 cm long sandstone are shown in Fig. 11.3.

The concentration was decreased in both ends in the experiment without current, but

not in the middle. On the contrary the concentration was decreased all through the
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Fig. 11.3 SO4
2� concentration profiles in sandstone after 3 days with carbonate-rich poultice with

and without applied electric current. The reference profile shows the concentration before the

experiments
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stone in the experiment with applied current. The profile after application of current

show highest concentration closest to the anode and lowest closest to the cathode as

the anion is electromigrating from cathode towards anode and this shape of the

concentration profile for anions is in consistency with other experiments, e.g.,

Ottosen and Christensen (2012). Diffusion of SO4
2� out into the poultice was

significant during these 3 days. Ottosen et al. (2014) found during desalination of

tiles that diffusion of Cl� and NO3
�was significant in the first days, where after this

effect diminished and electromigration was the only transport mechanism.

Kamran et al. (2012a) showed that for electrokinetics to exceed ion transport by

diffusion a minimum level of applied voltage is necessary. Below this threshold salt

transport by diffusion is dominant over electromigration. Within the time scale of

their experiments, the length of the specimen used, and a setup with sponges at the

electrodes, up to applied field strength of 1.20 V/cm, diffusion was dominant over

electromigration. It is though important here to mention that this voltage is mea-

sured between the working electrodes, and thus the potential drop between elec-

trode and sponges soaked in demineralized water (which must be considered

considerable) was included in this value, and thus it is not a value solely related

to the brick characteristics.

Electroosmotic transport of water will be determined by the material character-

istics as well as on the dissolved salt content. When the concentration of dissolved

ions in the pore solution is high (as in the materials decomposed by salt

weathering), the electroosmotic effect will be suppressed or eliminated, as the

current will be carried by both cations and anions in the bulk pore solution and

not preferential from counter-ions in the electric double layer as necessary to obtain

electroosmosis. This means that only after the ion content in the pores has been

decreased to a low level by electromigration, electroosmosis can take place (R€orig-
Dalgaard 2009; Ottosen and R€orig-Dalgaard 2009).

11.4 Electro-desalination and Material Characteristics

Electrochemical desalination of different matrices has been tested in laboratory

scale on single stones representing somewhat homogeneous matrices (bricks and

natural stones) and matrices with a fragile surface with other material characteris-

tics than the main material (tiles and painted brick masonry). This chapter focuses

on the different materials treated and summarizes the results published in literature.

11.4.1 Fired-Clay Bricks

Electro-desalination with calcite-rich poultice at the electrodes has been tested for

desalination of different types of fired-clay bricks in laboratory scale: Red Danish

bricks made for restoration purposes and from old traditions (Munkesten from
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Falkenløve). They are handcrafted and fired in a circular kiln as in ancient time

(R€orig-Dalgaard 2009), typical modern red fired clay bricks from Denmark

(Skibsted 2013), yellow Danish bricks from Wewers, where the yellow color is

due to the clay used in the production (the mass of CaCO3 was at least three times

higher than the mass of Fe2O3 to have yellow bricks) (Ottosen and R€orig-Dalgaard
2009). In every case the bricks were new from the factory and had been soaked in

salt solution in the laboratory. Successful desalination was obtained with every of

these brick types and thus there is no limitation for the process in relation to

desalination of fired-clay bricks contaminated in the laboratory. This task, desali-

nating fired-clay bricks with solubilized salt must also be considered the simplest

case. Fired-clay bricks are considered quite inert chemically, so it is water-saturated

non-reacting porous material with ions, which needs to be desalinated. A model for

the electrokinetic transport phenomena based on the strongly coupled Nernst–

Planck–Poisson system of equations was developed for this system (Paz-Garcia

et al. 2011). The model showed high versatility, since it was able to predict results

from this simple case of electrokinetic desalination of fired-clay bricks.

Electroosmosis can be significant in clays, but during firing, the clay particles

sinters and thus it is not a matter of course that electroosmosis can be obtained in

fired clay bricks. In Ottosen and R€orig-Dalgaard (2006) electroosmotic transport of

water was found in a single red brick under application of an electric DC field, but the

experimental setup was not designed for determining how dry the brick could be by

electroosmosis. Bertolini et al. (2009) clearly showed that there was electroosmosis

in both handcrafted and extruded single fired clay bricks and that the electroosmotic

transport of water increased with the applied current. Contradictory, Kamran (2012)

found that the electroosmotic pressures that are achieved by applying an electric

field are insufficient to overcome the capillary pressures in order to promote drying

in single fired-clay brick. The contradicting results reported on whether there

electroosmosis can be obtained in bricks may be an indication that there is no simple

answer, and that there can be electroosmosis in some bricks whereas not in others,

depending on the clay used for the production and the sintering degree.

11.4.2 Natural Stones

Natural stones cover a variety of stone materials such as sandstone, travertine,

limestone, and granite with a broad range of characteristics. They are widely

employed as building and sculpture material in cultural heritage and can suffer

from salt decay when exposed, but the resistance towards salt decay varies signif-

icantly with the properties of the stone. Stone durability depends heavily on both

strength and pore structure properties (Benavente et al. 2004). Electro-desalination

has been tested in laboratory scale for different natural stones contaminated with

salt in the laboratory. To investigate the influence from the porosity on the electro-

desalination NaCl or KCl removal are relevant, as these chlorides are highly soluble

and the process is thus not determined by solubility in these laboratory
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contaminated stones. The removal of chloride has approached 100 % in different

natural stones with different porosities ranging from Albero granite 3.9% and

Rodas granite 5.9% (Feijoo et al. 2013), to Posta and Cotta sandstones (Ottosen

et al. 2012) with porosities of 22% and 23% (Sidel 2010) and no limitations from

the porosity on the high removal percentage was seen.

The resistance towards chemical attack also strongly differs between the types of

natural stones. Limestones and sandstones with CaCO3 as bonding materials are

very sensitive, for example Nord and Tronner (1995) observed that even rain

dissolve calcite and decrease the Ca concentration from samplings from two

monuments built from Gotlandic sandstone. Thus it is relevant to evaluate if such

poor resistance towards chemical attack also makes the stone more vulnerable to

the fast change in equilibrium, which is caused by the electric field as ions

electromigrate out of the stone and to pH changes, which are not fully avoided by

the use of calcite-rich poultice. Skibsted (2013) investigated changes in Gotlandic

sandstone (CaCO3 bound) with and without buffering poultice at the electrodes in

order to investigate changes in the stone due to equilibrium changes or acidification.

A XRD investigation did not show changes in the mineral phases in any of the

cases. In case of no buffering at the anode an increased porosity was seen in the

stone in very close to the anode, and this increase was not seen in case the buffering

poultice was used. So this investigation did not show the unwanted changes when

using poultice, but the topic should be investigated further to make sure that there

will be no unacceptable and irreversible changes. Feijoo et al. (2013) investigated

possible color changes in two different granites caused by electro-desalination, and

they identified slight changes, which tough were associated with traces of kaolin

from the poultice rather than changes in color of the granite itself.

A possible electroosmotic effect in natural stones depends on the stone material

itself. In some stones a significant electroosmotic effect can be obtained, e.g., in

argillaceous sandstones (sandstones with a significant amount of silt and/or clay)

(Ahmed et al. 2013). In the published investigations with electro-desalination of

natural stones, electroosmosis has not been in focus, and the setups used was not

designed for investigation of this topic. For example, electroosmotic suction or

pressure from the poultice clay may influence the water content in the stone and hide

a possible electroosmotic effect in the stone itself (Ottosen and Christensen 2012).

11.4.3 Historic Portuguese Tiles

Ceramic tiles (Azulejo) are an important part of the Portuguese cultural heritage.

The tiles are vulnerable to salt decay as salts may crystallize in the interface under

the glaze causing detachment as seen in Fig. 11.1c. Soluble salts are a major cause

of tiles decay and, aside from human actions, are likely to be the most important

cause of decay and loss of single tiles and whole panels (Mimoso et al. 2009).

Electrochemical desalination of single azulejo tiles was tested in laboratory for

model tiles (nineteenth century) spiked with NaCl (Ottosen et al. 2010a, b).
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Successful desalination was obtained as the Cl� concentration was lowered from

0.13 wt% Cl� to less than 0.01 wt%. Electrochemical desalination of salt-infected

tiles fromCenteno Palace, Lisbon, was tested (Ottosen et al. 2010a, b, 2011), but here

the charge transfer was too low to obtain full desalination; the decreases obtained

were>81%Cl�, ~59%NO3
�, and ~22% SO4

2�. In Ottosen et al. (2014) the charge
transfer was sufficient and the desalination successful. The initial concentrations of

chloride and especially nitrate were very high in the actual tiles (around 10 g Cl�/kg
and 30 g NO3

�/kg, respectively). Both anions were successfully removed to below

0.1 g Cl�/kg and 0.2 g NO3
�/kg during the electrochemical treatment.

Salts from both biscuit and interface between biscuit and glazemust be removed to

have an efficient conservation technique. As received, the tiles in (Ottosen et al. 2014)

had NaCl crystals under loosened glaze, whereas after electro-desalination no signs

of salt crystals were found (by SEM-EDX), so in this important point, the desalination

was successful. To one of the tiles in (Ottosen et al. 2011) a part of the original mortar

bed was sticking to the biscuit. The electrode units were placed on the mortar and the

experiment was stopped before full desalination. It was hereby seen that desalination

of the mortar occurred before biscuit as little chloride and nitrate was removed from

the latter, whereas the concentrations were significantly reduced in the mortar. This

was most likely linked to the interface between biscuit and mortar, where poor

contact and cracks with air could be the reason (themortar was very loose), hindering

the current in passing. This result indicates that loose tiles must be removed and

treated separately when treating tile panels. The next step towards developing the

technique for tile panels will be testing on the whole system with wall, mortar bed,

and tile. It is important to remove salts from all parts. Otherwise the tiles will soon be

salt infected again from salts entering from mortar and wall.

A lab experiment with electro-desalination of a small wall section with murals

was reported in R€orig-Dalgaard (2009). The electrodes were placed on the opposite
side of the mural as if the desalination was carried out from the top of a church

vault. The experiment lasted 2 weeks with an applied current of 2.9 mA/cm. The

wall had been stored indoor for a long time before the experiment, and was very

dry. Thus the wall was wetted by spraying of water. The desalination efficiency was

high in some parts of the wall but low in other parts, dependent on the ease of

moistening of the actual part of the wall section. This underlines that moisture

content in a wall is determining where the electric field will be strongest in a case

where parts are rather dry.

11.5 Removal Rates and Transference Numbers

Most works on laboratory electro-desalination have been carried out with stones

contaminated with a single salt; however, in real life situations a wide variety of salt

mixtures can be present in the porous material. The damaging effect of such

multicomponent salt solutions is often lower than in the case of single salts as the
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activity coefficient decreases (Cardell et al. 2008). In this chapter the removal of

single salts are compared first, and following is the removal of mixed salts.

Electro-desalination (with buffering poultice at the electrodes) of bricks and

natural stones contaminated with chlorides and nitrates have been shown very

successful with removal of 99–100 %, e.g., Cl removal from yellow and red bricks

(Ottosen et al. 2008; Skibsted et al. 2013), posta and cotta sandstones (Ottosen and

Christensen 2012), and granite (Feijoo et al. 2013). Chlorides and nitrates are

generally highly soluble, whereas sulfates are less soluble. Skibsted (2013) did

comparable electro-desalination experiments with bricks contaminated with pure

single salts: NaCl, NaNO3, or Na2SO4. The initial concentration of Na was kept

constant in these experiments. After 5 days with 2 mA applied, 99 % Cl� and 100 %

NO3
� was removed, whereas after 8 days with the same current only 89 % SO4

2�

was removed. The theoretical ionic mobility for these anions are: NO3
�

7.4 · 10�8 m2/(s V), Cl� 7.9� 10�8 m2/(V s), and ½SO4
2� 4.2� 10�8 m2/(V s).

The reasons for this slower removal rate for SO4
2� is though a combination of

lower ionic mobility and electromigration of Ca from the poultice at the anode into

the brick and subsequently precipitation of CaSO4. A physicochemical model for

electrochemically induced reactive-transport processes was described in

Paz-Garcia et al. (2013) and used for a theoretical analysis of the influence of the

chemical interactions on the removal rate of the target ions. Results from the

simulations supported that the lower removal efficiency of sulfates is related to

the precipitation of gypsum inside the porous body.

During electro-desalination in a single salt system, the transport rate of the anion

depends on the counter ion (Ottosen et al. 2009; Paz-Garcia et al. 2012). The

transport rate of Cl� was experimentally shown different in similar experiments

where a brick was contaminated the pore solution contaminated with NaCl or KCl.

The electro-desalination process had a similar general behavior but a slightly higher

transport number for potassium with respect to sodium resulted in a slightly lower

migration rate of chloride when the brick was contaminated with NaCl.

Electro-desalination in laboratory scale was tested on samples removed from salt

contaminated building facades: Obernkirchen sandstone claddings from a ware-

house in Copenhagen (Matyscak et al. 2014) and tiles removed from Centeno

Palace, Lisbon, Portugal (Ottosen et al. 2014). In both cases the investigation

included removal of Cl�, NO3
�, and SO4

2� and in both cases the concentration

of SO4
2� was lowest of the three. Simultaneous removal of the three anions into the

anode poultice was seen from the Obernkirchen sandstone, though the mole of

SO4
2� removed was much less than Cl� and NO3

� in every experiment. From the

tiles a distinct pattern was seen of the SO4
2� removal starting at the point where Cl�

and NO3
� concentrations had been removed to a very low level in the tiles. The

knowledge of the mutual influence from mixed salts on electro-desalination is a

topic for future research.

Transference numbers for the target ions changes over time during electro-

desalination. Very high transference numbers for Cl� and NO3
� have been reported

in the beginning of the process: During the first day of desalination the transference

numbers were 0.63 (Cl�), 0.76 (NO3
�), and 0.42 (SO4

2�) in small bricks samples in
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case of single salts (Skibsted 2013); a transference number of 0.55–0.65 (Cl�) after
1–2 weeks during desalination of a whole brick (R€orig-Dalgaard 2009) and in tiles

with both Cl� and NO3
� the sum of transference numbers for these two was about

0.6 during the first weeks. The transference numbers for the two anions were very

similar in the tiles. The sum of transference numbers for all ions (cations and

anions) in a system is always 1.0 and thus these reported transference numbers

for the anions are high, but it must be remembered that there is no distinction

between diffusion and electromigration, and the calculation is made on the basis of

both. Thus the true transference number is less. At the point where a low concen-

tration has been reached in the porous material to be desalinated, the transference

number decreases dramatically (R€orig-Dalgaard 2009; Ottosen et al. 2014).

11.6 Electrode Placement

In the conducted laboratory experiments the electrodes has been placed either on

opposite sides of the porous material or at the same side. In a homogeneously

contaminated sample the field is equally strong in each cross section, but when the

electrodes are placed at the same side, the electric field is strongest closest to the

side where the electrodes are placed, see Fig. 11.4.

With both setups successful desalination results have been obtained. In the first

case, the anions are removed to a low concentration from the part closest to the

cathode first and from the part closest to the anode during the last stage (e.g.,

Ottosen and R€orig-Dalgaard 2009). In the second case with the electrodes at the

same side, the concentration decreases closest to the electrodes first and over time

the desalination progresses into the depth of the material (R€orig-Dalgaard 2009).

In materials undergoing salt decay, the salt concentration is most often highest

close to the surface. This means that in real cases, the salt contamination is not

homogeneously distributed as in the laboratory spiked materials, with which most of

the laboratory experiments has been conducted. In the work ofMatyscak et al. (2014)

with samples from Obernkirchen sandstone claddings from a warehouse, the uneven

distribution of salts in the stone was in focus and was related to the electrode

placement. Electrodes were placed on the side of the stone with the highest salt

concentration or on the opposite side, and it was shown that the electrode placement

influenced the electro-desalination efficiency; however, direct comparison between

Fig. 11.4 Sketch of the

electric field lines in a

homogeneous stone with

two different electrode

placements
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the experiments of the investigation was difficult due to very different concentrations

of the three anions between the stones initially. Two experiments were conducted

with stones from the same warehouse with electrodes placed at the same side or on

opposite sides in Ottosen et al. (2014). Whether the electrodes were placed on the

same side of the stone or on two opposite sides did not influence the electromigration

rate of Cl� and NO3
�, but diffusion of the anions into the cathode poultice was seen

more pronounced in the first days when the cathode was placed on the most contam-

inated surface, and similar diffusion also added to the removed part into the anode

poultice in the very beginning of the experiment. It is fortunate that the electrodes do

not have to be placed on themost polluted surface as this surface will also be themost

fragile. The electrodes can be placed next to themost fragile area hinderingmechanic

damage from placement of the electrodes.

11.7 Pilot Scale Experiences

A pilot scale test was made on outdoor brick masonry with primitive electrode units

where a bar of reinforcement steel served as metallic electrode and it was placed in

brickwork clay directly on the masonry (Ottosen et al. 2007). This pilot scale test

showed removal of Cl� and NO3
� even though the temperature was below 0 �C

during most of the experiment. The test showed that the principle of electro-

desalination worked on masonry, but also that the electrodes needed further devel-

opment in order to maintain a sufficient electric field, as especially a good contact

between clay and masonry could not be maintained over a sufficiently long period.

Electrode casings with a metallic electrode and filled with a clay poultice were

developed (Ottosen et al. 2008). The electrode casings (50 cm long) were made

from plastic and consisted of two parts: a box and a movable bottom (see Fig. 11.5).

Fig. 11.5 Two electrode

casings. To the left the hole

in the box is shown, in

which the movable bottom

in the middle is to be placed

with the springs down. On

top of the movable bottom

is first placed a metallic

electrode mesh and

afterwards the casing

is filled with poultice
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The purpose of the movable bottom was to ensure mechanical pressure between

poultice and masonry during desalination, as this is crucial to passage of current. As

the poultice dries slightly during the desalination process, it is shrinking and it is

necessary to move the bottom closer to the masonry to maintain the pressure.

Springs are aiding this, and further it is possible to tighten the springs with bottoms

at the back of the casing. An inert metallic electrode mesh was placed on top of the

movable bottom before the casing was filled with poultice.

The first electrode casings were black (Ottosen et al. 2008), but these black

casings got very hot in sunshine and the clay tended to dry out fast. Thus the white

color was chosen to meet this problem in later works (Ottosen et al. 2010a, b, 2012).

Four small pilot scale tests with few electrodes mounted at walls and a larger test

with 72 electrodes have been reported. In all the tests similar electrode units were

used. The pilot scale tests are summarized in Table 11.1.

In Table 11.1 the transference numbers for Cl� are given calculated on the basis

of concentrations measured in the anode poultice. It is seen that the transport number

was highest for masonry B, where the highest concentration was also found. The

transference number in C and D are similar. The transport numbers are quite high in

all cases showing that the major part of the current towards the anode was carried by

chloride. So even though neither of the desalination actions finished in respect to the

final concentration in the masonry, the removal progressed well and it is interesting

to see if the desalination could bemaintained with a high transference number until a

concentration of acceptable level is obtained in the masonry.

In a large pilot scale experiment with 72 electrodes placed in two rows (see

Fig. 11.6) (Ottosen et al. 2012). The test plant covered about 25 m2 surface of a

limestone wall of a historic warehouse (the same as the small pilot scale test (C),

table 1). The wall was severely infected with NaCl and the average concentration of

Cl� was 0.7 wt%. The test lasted for about a year, and 3.8 kg chloride

corresponding to 6.3 kg NaCl was removed during this period. The part of the

wall underneath the electrodes was successfully desalinated; however, the Cl�

concentration was in the same level as initially in samples taken just between sets

of anodes and cathodes. The desalination was thus not completed during the test.

The removal rate for Cl� into the anodes was constant all through the test revealing

that the desalination could have continued if the test had lasted longer. The test

underlined the necessity for development of a new design, which allow for shorter

distance between the electrodes in order to shorten the duration of the treatment.

The spent man power on mounting and replacing electrodes was extensive.

11.8 Conclusion

Electro-desalination of porous materials has been tested in laboratory scale with

success, both on spiked and real salt contaminated samples. An important strength

of the method is that it is not very dependent on the characteristics of the material to

be desalinated. Chlorides, nitrates, and sulfates can all be removed and at high
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transference numbers, but the removal of SO4
2� is slower than the two other anions

both because the theoretical ionic mobility is lower and because gypsum is formed

with Ca2+ ions in the pore solution. Another important strength is also that the

electrodes do not have to be placed directly on top of the most decayed and fragile

surface with the highest salt content. The electrodes can be placed next to it and

desalination of the most contaminated part is possible in this way. For electro-

desalination it is important that the water content is sufficient for salts to be

dissolved and not nucleated.

In pilot scale on walls the final proof of concept is still lacking, as full desali-

nation has not been carried out yet. Different pilot scale experiments have been

made, but they have all been stopped before full desalination. However, when they

were stopped, the transference number for the target ion was still high, and the

desalination could have progressed further.

Fig. 11.6 (a) The test plant
for electrochemical

desalination with two rows

of 36 electrode units and (b)
detail with electrode units

and the salt damaged

masonry
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Chapter 12

Incorporation of Different Fly Ashes from
MSWI as Substitute for Cement in Mortar:
An Overview of the Suitability
of Electrodialytic Pre-treatment

Cátia C. Magro, Paula R. Guedes, Gunvor M. Kirkelund,

Pernille E. Jensen, Lisbeth M. Ottosen, and Alexandra B. Ribeiro

12.1 Background

Municipal solid waste incineration (MSWI) produces for each ton of incinerated

municipal solid waste (MSW) in a mass burn unit, 15–40 kg of solid residue which

requires further treatment or landfill as hazardous waste (Quina et al. 2008). Fly ash

(FA) and air pollution control residue (APC) are both incineration residues

(IR) which are generally characterized by high concentrations of salts, heavy

metals, and organic trace-pollutants. Valorization may be an alternative, but it is

important to ensure that the environment is properly protected against emissions
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into the earth, water, and atmosphere. Therefore, it becomes emergent to find a

technique that can be both economically viable and environmental sustainable. The

present review aims to understand the potential of the electrodialytic (ED) process,

as a pre-treatment of the IR prior to their reuse in the production of mortars. In the

first part of the chapter, different FAs fromMSWI incineration are outlined together

with current handling options and legislation. The second part is an outline of the

reported results with electrodialytic treatment of different IR from MSWI and

finally the experiences with incorporation of treated IR in mortar is reported.

12.2 Municipal Solid Waste

Municipal solid waste remains a major problem in modern societies, despite the

significant efforts to prevent, reduce, reuse, and recycle it. Municipal solid waste

normally contains a mixture of organic wastes, fabrics, paper, oil, rubber, plastics,

metal, glass, and wood, among others (Quina et al. 2011). The waste composition,

even if the technologies for management of waste are equal, will differ from

country to country (Eurostat 2014).

In Europe-27 Stat Members, MSW production in 2012 was 492 kg year�1 per
capita, with an annual decrease since 2003 (Eurostat 2014). Although Portugal had
a per capita production of 453 kg MSW in 2012, the production of MSW in some

countries was much higher, as in Denmark or Switzerland: 668 kg year�1 per capita
and 694 kg year�1 per capita, respectively (Eurostat 2014).

Nowadays, modern systems embrace different methodologies aiming as much as

possible to achieve sustainable global solutions for waste management. Life Cycle

Assessment tools have been used to assess the potential environmental burdens of

different waste management strategies from the environmental, energetic, and

economic point of view (Quina et al. 2011; Boesch et al. 2014). These calculations

have shown that landfilling, even if gas is recovered and leachate is collected and

treated, should be avoided, as the resources in the waste are inefficiently utilized

(Sundqvist 2005). Environmental sound alternatives include incineration, material

recycling, anaerobic digestion, or composting (Quina et al. 2011).

12.2.1 Municipal Solid Waste Incineration

According to Directive 2000/76/EC of the European Parliament and Council,

incineration plants correspond to any stationary or mobile technical unit dedicated
to the thermal treatment of wastes with or without recovery of the combustion heat
generated. This includes the incineration by oxidation of waste as well as other
thermal treatment processes such as pyrolysis or gasification in so far as the
substances resulting from the treatment are subsequently incinerated.

MSWI in waste-to-energy can be considered an environmentally friendly solution

and a common alternative to landfilling, while allowing to recover a large part of the
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energy contained inMSW(Quina et al. 2011).MSWIpresents several other advantages

such as reductionof volume andweight ofwaste by90%and 70%, respectively (Quina

et al. 2011). It also destroys potential pathogens and toxic organic contaminants.

Nevertheless, as other waste management techniques, MSWI also has disadvantages,

as the high investment needed, operating costs and hazardous waste generated, e.g.,

APC, bottom ashes and FA that require safe disposal (Quina et al. 2011).

The Directive 2000/76/EC, on the incineration of wastes aims to prevent or to
limit as far as practicable negative effects on the environment, in particular
pollution by emissions into air, soil, surface water, and groundwater, and the
resulting risks to human health, from the incineration and co-incineration of
waste. This Directive, known as the Waste Incineration Directive, states that

continuous measurements of NOx, CO, total dust, Total Organic Carbon, HCl,

HF, and SO2 should be made, and at least twice a year for heavy metals (Cd, Tl,

Hg, Sb, As, Pb, Cr, Co, Cu, Mn, Ni, V), dioxins, and furans in the exhaust gas.

Environmental legislation is becoming increasingly restrictive, and conse-

quently industrial plants have to be constantly adapted to enhance control of gas

emissions, in particular (Quina et al. 2008). Depending on the units used for post-

combustion control, the resulting solid waste may have different characteristics,

which means that different management strategies may be used (Quina et al. 2008).

Table 12.1 presents the various management strategies to APC and FA

depending on the country, being the most common options the permanent storage

in hazardous waste disposal sites. The second most common option is the treatment

with hydraulic binders. This approach have as main advantages stabilize the APC or

FA and be a low cost technique (Ferreira et al. 2003a). Nevertheless, the volume of

waste is increased when it is mixed with cement; the cement has a high CO2 impact

which will add environmental footprint of waste incineration.

According to van der Sloot et al. (2001) positive utilization of residues from

MSWI is an important goal for integrated waste management. Countries like

Denmark or Germany store them in big bags until disposed of in underground

sites. However, environmental problems can be related to the disposal, in short or

long term, as the leaching of contaminants may occur (Hjelmar 1996b). The solid

waste product from MSWI has high soluble salts content that are very difficult to

stabilize. These salts removal makes the remaining inorganic residue much more

manageable (van der Sloot et al. 2001).

12.2.1.1 Solid Particles Produced During Municipal Solid

Waste Incineration

The solid particles produced during MSWI in mass burning units may be grouped

into bottom ashes and FA. Fly ashes are defined by the International Ash Working

Group IAWG: Chandler AJ et al. (1997) as particulate matter carried over from the
combustion chamber and removed from the flue gas stream prior to addition of any
type of sorbent material.

The present overview will focus on the solid residues produced during MSWI:

FA and APC which may include FA and the solid material captured downstream
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from the acid gas treatment units and before the gases are released into the

atmosphere.

The composition of MSW varies over time and from country to country, due to

the differences in lifestyle and waste recycling process seasons. Also, chemical and

physical characteristics of the FA depend on the composition of the raw MSW, the

operational conditions, the type of incinerator, and APC system design:

dry/semidry (injection of lime in dry form or in a slurry to the flue gas) or wet

(flue gas is subjected to a scrubber after removal of FA) (Zacco et al. 2014).

In order to select the most appropriate method of treatment or application for any

residue, its main characteristics, particularly chemical properties, should be known.

The major elements present in the APC are Si, Al, Fe, Ca, Mg, K, Na, and Cl

(Ferreira et al. 2003b; Varela et al. 2009; Lima et al. 2010). Regarding heavy

metals, Cd, Cr, Cu, Hg, Ni, Pb, and Zn are the most frequent, with Zn and Pb being

Table 12.1 Waste management of IR from MSWI in different countries (adapted from Quina

et al. 2008)

Country Waste management strategies Refs.

USA APC are mixed and disposed as “combined ash.”

The common option is disposal in landfills which

receive only MSWI residues (monofills)

Eighmy and Kosson (1996);

Sakai et al. (1996)

Denmark APC and FA are classified as a special hazardous

waste and are currently exported or stored tem-

porarily in big bags. Significant efforts are being

spent to develop treatment methods which can

guarantee that APC can be landfilled in a sus-

tainable way

Hjelmar (1996a); Hjelmar

(1996b); Sorensen

et al. (2001)

France After industrial solidification and stabilization

processes based on the properties of hydraulic

binders, the waste is stored in confined cavities in

a specific landfill (French class I and II). The high

cost of this treatment is promoting the companies

to search alternatives to disposal

Piantone et al. (2003)

Portugal APC are treated with hydraulic binders (solidifi-

cation/stabilization method) and landfilled in

specific sites (monofills)

Quina (2005)

Switzerland APC are solidified with a hydraulic binder and

then eligible for residual material landfilling or

they are disposed in disused underground salt

mines. Fly ash can follow the same approach of

APC or they can be subjected to acidic leaching,

where

Boesch et al. (2014)

1. The washed fly ash is and deposited in

landfill or
2. The metal concentrate goes to recovery of

secondary Pb and Zn as co-production

Japan The IR from MSWI are considered hazardous,

and before landfill intermediate treatments must

be performed, such as melting, solidification with

cement, stabilization using chemical agents or

extraction with acid or other solvents

Sakai (1996); Nagib and

Inoue (2000); Ecke

et al. (2000)
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generally found in the largest amounts (Quina et al. 2008). Trace quantities of very

toxic organic compounds are also usually present in these residues, namely poly-

cyclic aromatic hydrocarbons (PAH), chlorobenzenes (CB), polychlorinated biphe-

nyls (PCB) and polychlorinated dibenzo-p-dioxins (PCDD) and furans (PCDF)

(Quina et al. 2008).

Due to the high concentration of several heavy metals, the reuse of IR as a

secondary material is forbidden in many countries, with the ever more stringent

legislation. Therefore, taking into account the potential environmental impact of

these residues, the main problems that have to be solved concern toxic heavy

metals, high concentrations of soluble salts, and organic micropollutants (e.g.,

dioxins, furans) (Quina et al. 2008).

12.2.2 Characterization of Air Pollution Control
Residues and Fly Ash

APC residues and FA characteristics have been extensively studied. Five case

studies selected due to some similarities of methods used were conducted with

the ash from:

i. Portuguese MSW Incinerator, ValorSul (Lima et al. 2012)

ii. MSWI APC after a semidry flue gas cleaning process from a Danish waste

incineration plant, REFA I/S (Kirkelund et al. 2014a)

iii. (a) Wet FA—MSWI FA from the incineration plant I/S Vestforbrænding
(Magro 2014; Kirkelund et al. 2014b)

(b) Semidry APC—MSWI APC collected after a semidry process from I/S

REFA after the injection of slaked lime and activated carbon (Magro 2014;

Kirkelund et al. 2014b)

iv. MSWI FA collected from Shanghai Yuqiao Wastes Incineration Plant

(presented in Sect. 13.4.2) (Shi and Kan 2009)

The obtained characteristics results can be seen in Table 12.2. Samples from ii

(Kirkelund et al. 2014a) and iii (Magro 2014; Kirkelund et al. 2014b) presented an

alkaline pH. The same values were obtained for the samples from Lima et al. (2012)

between 12 and 12.5 of pH.

Fly ashes exhibit high solubility due to its KCl and K2SO4 content (Hansen

et al. 2001; Lima et al. 2008). Semidry APC presented high water solubility. Once

the ED process is applied, in some studies the final metal concentrations in the

treated samples were higher than in the untreated ones. This is mainly due to the high

water solubility of the samples: when the residues aremixed with water, soluble salts

are dissolved and removed. Thus, even though part of the metals are removed by the

ED treatment, the total concentration increases as a result of the high mass loss. The

APC consist mainly of Al, Ca (22–30 % of the residue (Le Forestier and Libourel

1988), and Cl (Hjelmar et al. 2011; Del Valle-Zerme~no et al. 2013), which is as a
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result of addition of lime during the acid gas cleaning. High chloride content is seen

in MSWI APC presented in Table 12.2, and this may be the limiting factor for their

reuse, as Cl can cause corrosion in reinforced steel (Wang et al. 2001).

The main mineral compounds found (Wang et al. 2001; Quina et al. 2011;

Del Valle-Zerme~no et al. 2013; Magro 2014) in the four residues were sylvite (KCl)

and halite (NaCl), normally removed by ED treatment (Kirkelund et al. 2014a). The

two FA are similar, and so are the two APC (Table 12.2). Calcium minerals such as

CaCO3, CaSO4, or Ca(OH)2 were also identified. Calcite (CaCO3) and anhydrite

(CaSO4) were present in FA MSWI residues whereas portlandite (Ca(OH)2) was

only present in semidry APC (Magro 2014; Kirkelund et al. 2014b). Kirkelund

et al. (2014a) performed XRD analysis in the ashes, after ED process and peaks for

calcite presented higher countswhich indicates that carbonatewas not dissolved during

ED treatment. The presence of ettringite may be important as it may immobilize Cr

Table 12.2 Resume of characteristics of IR from different authors (mean values� standard error)

Parameter aFly ash

bSemidry

APC cWet fly ash

cSemidry

APC

Chemical char-

acteristics and

morphology

pHH2O

(L/S¼ 5)

11.9� 0.0 – 12.46� 0.02 12.03� 0.00

pHKCl

(L/S¼ 2.5)

– 12.2 12.42� 0.02 12.24� 0.03

Water solu-

bility (%)

23.2 42 20� 0.06 34� 0.06

Loss on igni-

tion (%)

– 0.7 0.76� 0.14 4.07� 0.04

Carbonate

content (%)

8.49� 0.7 – 8.37� 0.06 14.55� 0.12

Cl content

(%)

9.81 24 6.1� 0.16 12.8� 0.13

Specific sur-

face area

(cm2 g�1)

– – 215.5� 2.5 284.0� 217.0

Macroelements Mineral spe-

cies found

Al2O3, CaSO4,

CaCO3, Fe2O3,

KCl, NaCl,

SiO2

– CaSO4, KCl,

NaCl, SiO2

Ca(OH)2,

Ca(ClO)2,

CaCO3, KCl

Al (g kg�1) – 23.45 25.46� 1.13 7.3� 0.16

Ca (g kg�1) 22.2* – 161.1� 2.17 320.5� 4.95

Microelements Cd (mg kg�1) 83.4� 0.8 170 97.6� 0.4 88.7� 2.0

Cr (mg kg�1) 185� 6.0 93 99.0� 1.1 73.1� 0.9

Cu (mg kg�1) 586� 8 575 749.1� 7.0 551.2� 20.7

Pb (mg kg�1) 2462� 71 2200 2710� 300 3110� 110

Zn (mg kg�1) – 14,650 22,400� 410 19,440� 370
*Value in (%)
aLima et al. (2012), bKirkelund et al. (2014a), cMagro (2014), Kirkelund et al. (2014b)
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(Kirkelund et al. 2014a) but, although ettringite was detected after almost all ED

experiments, Cr was not stabilized. In fact, after ED Cr might have changed from Cr

(III) to Cr(VI) which is hazardous and more leachable (Quina 2005).

The MSWI residues were rich in heavy metals and with higher amount of both

Pb and Zn and APC are the most hazardous FA (Table 12.2).

12.2.3 Air Pollution Control Residues and Fly
Ash: Applications

The solution to the waste management problems may involve incorporation of

residues in material construction. The building sector uses large quantities of

natural materials, thus its potential capacity to recycle waste is considerable

(Rémond et al. 2002).

It is important to distinguish the goal of incorporation of IR in cement in

construction sector and hazardous waste management sector (Table 12.1). Having

the same physical/chemical principle (solidification/stabilization), explained more

below, these two fields have very distinct aims. In the sector of waste management

the goal is stabilization and storage of waste, without compromise of resources,

different to the construction sector which aims to not only reduce costs, but also

reduce carbon and environmental footprint, e.g., reducing the emission of CO2.

Regardless of the goal, the incorporation of FA in concrete physically and/or

chemically immobilize hazardous components initially present (Hills et al. 1993;

Wiles 1996), relying on:

1. Physical—processes associated with microporosity of hydrated calcium silicate,

which are capable to adsorbing ions and particles at its surface. Other hydration

products, such as calcium and hydrosulfoaluminatehydroaluminate (ettringite)

may also play an important role

2. Chemical—formation and precipitation of low solubility compounds (mainly

metal hydroxides). The behavior of amphoteric metals are able to occur in the

anionic form (e.g., Cr anions (VI))

The best approach to the solidification/stabilization (S/S) process involves initial

chemical stabilization and then solidification of the waste (Zacco et al. 2014). The

goal of stabilization is to turn the contaminants into less soluble and toxic forms,

with or without solidification. Solidification involves the transformation of a liquid

or a sludge into a solid and it may not lead to a chemical interaction between the

constituent of concern and the solidifying agent. These processes reduce the

mobility of the contaminants in the treated material through encapsulation, as a

consequence of the reduced surface area and lower permeability (Quina 2005). The

most common binders are cements or pozzolanic materials. The quantities involved

are optimized as a function of the performance requirements for the final product

(leaching behavior, compressive strength, setting time, etc.), which may be either

solid massive (monolithic) or granular (Quina et al. 2008).
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Sabbas et al. (2003) showed that, with the exception of chlorides, the immobi-

lization of the toxic elements is possible through S/S processes. The most relevant

factors for the immobilization of heavy metals are the pH, chemical speciation of

metals, and redox potential. Regarding the organic compounds immobilization may

occur through reactions which destroy or change their structures, or also by physical

processes such as adsorption, and encapsulation (Quina 2005).

According to Quina et al. (2008) the more dynamic research area is in the field of

solidification with binders, using in particular Ordinary Portland cement (OPC). At

hazardous residues management level, the S/S process is the most important

method for APC treatment in Europe. The process begins when water is added to

cement and hydration reaction takes place. The hydration products crystallize and

create a three-dimensional structure that binds together all the substances present

into a hard mass. The reactions that occur are the basis of the S/S process, applied

worldwide for the treatment of hazardous waste. The three-dimensional structure

formed, which comprises hydration products, water, small bubbles of air, and

particles of sand or stone, can also include small particles (<150 μm) (Ferreira

et al. 2003a). The IR particles have a small grain size and they fill these spaces and

become encapsulated inside the concrete matrix (Ferreira et al. 2003a).

The main difficulties and limitations of the methods based on cement and

addition of FA are related to the following factors:

1. The release of hydrogen may occur due to the presence of metals in the residue,

such as aluminum (Pera et al. 1997)

2. Presence of sulfates may lead to expand the hardening phase reactions leading to

the crack formation (Collivignarelli and Sorlini 2001)

3. Soluble salts of Pb and Zinc can interfere with the compressive strength of the

material (Quina 2005)

4. Chlorides are poorly retained in a solid matrix (Quina 2005)

5. The high amounts of soluble salts present can lead to solid matrix microstructure

disintegration (Malone et al. 1997), which is important to predict materials

behavior (Ferreira et al. 2003a; Rémond et al. 2002)

12.3 Electrodialytic Process Applied to Municipal
Solid Waste Incineration Air Pollution
Control Residues and Fly Ash

12.3.1 Cell Design

The electrodialytic process is a method which can be used for the removal of heavy

metals from particulate waste products. Generally, the main advantage of the ED

process is the ability to desorb the heavy metals into its ionic forms so they are

mobile under the applied electric field (Ribeiro 1998). When applied ED treatment

in APC or FA more advantages are considered. The ED process concentrates the

232 C.C. Magro et al.



dissolved ions in a volume of water smaller than the original volume of the residue.

Thus, the contamination is concentrated rather than diluted, and such that

recirculation of valuable elements may be considered more feasible. The ED

process has already proven its efficiency for removal of heavy metals from soil

(Ottosen 1995; Ribeiro 1998; Jensen 2005; Sun 2013) and quite a few other solid

matrices with high removal efficiencies, such as harbor sediments (Nystrøm 2004;

Pedersen 2014), impregnated waste wood (Christensen 2004), and different ash

residues (Pedersen 2002a; Ferreira 2005; Lima 2008).

The process is based on the application of an electric potential gradient over the

soil or other matrix resulting in a low level current density (Ribeiro and Rodrı́guez-

Maroto 2006). Three main transport mechanisms take place: electromigration,
electroosmosis, and/or electrophoresis. Diffusion is also important since concen-

tration gradients are built up during the material transport. In case electroosmosis

takes place advection of ions in the pore water can also be important. A basic

scheme of a three compartment ED cell is schematized in Fig. 12.1.

Adjustments can be made to the earlier established ED cell treatment setup

depending on the final objective.

12.3.2 Heavy Metals Removal from Air Pollution
Control Residues and Fly Ash

Removal of heavy metals fromMSWI FA using ED was first suggested by Pedersen

(2002a), with a conventional ED cell where the ash was placed in the central

compartment as compacted and water saturated. Difficulties during these initial

experiments, like the precipitation in electrolytes, dissolution of ash and poor

contact to the membranes and following increased potential drop here, poor control

of the pH, and long remediation times, revealed the need to continuously mix the

matrix in the cell. Pedersen (2002a) introduced a stirring rod in the central cell

compartment where the ash was now suspended. After the introduction of the

Fig. 12.1 Schematic presentation of the ED remediation principle in an experiment cell
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stirrer, several studies about ED treatment of FA from MSWI were made. Assisting

agents were introduced to investigate if this could further enhance the process.

Beside the assisting agents, experiments have also been conducted with the ash

suspended in water, in which case the suspension is acidified during the ED

treatment. The removal differences were mainly due to the types of IR and the

final treated sample pH. Table 12.3 summarizes different percentages of removal

obtained by several authors.

The final ash pH is one of the most significant parameters when applying

ED. The pH drop that occurs during the ED process promotes the dissolution of

oxides, hydroxides, and carbonates, and helps to solubilize the heavy metals

(Ferreira et al. 2004a, b). After that, metals can be mobilized under the electric

field and transported away from the waste, more acidification better removals rates

(Ferreira et al. 2004a, b).

12.4 Materials Tests Solidification/Stabilization Process:
Electrodialytic Pre-treatment

OPC is the most used material in the construction industry worldwide, it has a high

level of CO2 emissions (1 t of cement generates 1 t of CO2) and has over the years

become less attractive compared to alternative ecological new binders (Pacheco-

Torgal et al. 2008). Thus, the replacement of OPC by upgraded secondary resources

may be an environmentally preferable solution. Mortar is a mixture of paste (OPC

and water) and sand—the aggregate. Mortar is used to hold building materials such

as brick or stone together, is a substance much thicker than concrete making it ideal

as a glue. The hydration is the main chemical reaction that happens in this mixture

and which causes cement paste to harden and gain strength.

The quality of the paste determines the character of thematerial. The strength of the

paste, in turn, depends on the ratio of water-to-cement. High-quality mortar is pro-

duced by lowering the water–cement ratio without sacrificing the workability of fresh

mortar, allowing it to be properly placed, consolidated, and cured (ACM-PCA 2015).

When secondary resources such as upgraded IR are incorporated in substitution

of cement, it is important to take into account two essential group factors: materials

changes (e.g., compressive strength and workability) and environmental issues (e.g.,

leaching of heavymetals and chloride). These issues will be further discussed below.

12.4.1 Compressive Strength and Workability

Compressive strength is relevant to define the mortar, determining its strength

capacity. According to Frutuoso (2013) a higher value gives a less deformable

mortar. The compressive strength is related, among several factors, to the porosity
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of the material, which generally increases with the decreasing of the latter. The

compressive strength generally increases with longer curing times. Kirkelund

et al. (2014a) proved that a significant increase in compressive strength results

from curing mortar during 32–56 days. However, differences in the compressive

strength tests between 28 and 32 days were not statistically different (Table 12.4)

and the same occurred when 5 or 15 % of cement was a replaced by the ash. So, in a

future approach, 28 days of curing and tests, with an incorporation of 15 % of

upgraded ash (ED pre-treatment), MSWI residue can be performed as a first step of

optimization.

All the mortars containing IR showed lower compressive strength (Table 12.4)

compared to the references, with one exception when replacing by 5 % untreated

semidry residue (Magro 2014). The incorporation of FA gave lower compressive

strength comparing with the reference. The addition of fine particles causes seg-

mentation of large pores and increases nucleation sites for precipitation of hydra-

tion products in cement paste (Bijen 1996; Tumidajski and Chan 1996). Magro

(2014) also showed that the porosity increased after the incorporation of APC in the

mortars, which may explain the decreasing compressive strength.

The decreased compressive strength when a defined percentage of cement was

replaced with FA or APC shows that the possible pozzolanic effect is not high

enough to compensate for a 1:1 replacement with cement. Whether ED improves

the quality of the FA or not in relation to the compressive strength of the mortar is

ambiguous in Table 12.4. Due to this ambiguity results, statistical analysis of

mortar compressive strength was carried out using GraphPad Prism 6. One-way

ANOVA was achieved to understand if there are differences in the values

(Table 12.1). Thus, there are no statistical differences between the two APC,

contrarily with wet FA that are statistically significantly different at ρ< 0.05 in

raw and upgraded residue and between the two FA. This analysis also proved that

the incorporation of FA or APC is statistically different in this compressive strength

data. Notice, the data sets are too few to make general conclusions on this point, as

the results may be strongly related to both the ED treatment and the IR

characteristics.

Metallic Al and sulfate in MSWI APC are regarded important factors in relation

to the lower compressive strengths of mortars due to crack formation (Aubert

et al. 2007). In all the results presented for upgraded APC, the amount of soluble

sulfate increased with the ED treatment. Regarding Table 12.2, the wet FA had the

higher concentration of Al, though the speciation of this Al is not known. So apart

from loss in mortar, metallic Al or soluble sulfate can be part of the reason to

strength decrease when there was incorporation of the non-upgraded residue.

Workability is also an important factor to consider when substituting cement

with FA residues. Workability is one of the physical parameters of concrete which

affects the strength and durability as well as the cost of labor and appearance of the

finished product (Ferraris et al. 2000). Concrete is said to be workable when it is

easily placed and compacted homogeneously, e.g., without bleeding or segregation.

Kirkelund et al. (2014a) showed that the workability decreased when the actual

MSWI APC was added. The decrease in workability is related mostly with porosity,
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particle size, shape, and surface characteristics of the APCs: porous particles will

adsorb water in the mortar mix and reduce the workability, which should be

compensated by adding water or superplasticizer (Brown et al. 2011).

12.4.2 Leaching Behavior

European Environmental Protection (2005) criteria for landfill deposition of waste

and leachability thresholds of the mortars after prEN 12457-1 are used to evaluate

metal leachability from the mortar with ED treated IR. Leaching from mortars

cured for 28/32 days are presented in Table 12.5.

Heavy metals are considered foreign cations in a cement bed matrix and are

found in considerable concentrations on ash materials. On the other hand, con-

crete’s high pH is believed to immobilize heavy metals. However, due to FA high

specific surface, some of the heavy metals are placed there and prone to leach

(Pedersen 2002a).

The pH in the mortar was generally higher than in the residues and at a level

where the heavy metals are expected to be stable in the matrix (Pedersen

et al. 2005). Lima et al. (2010) results on FA suggest that in the presence of NaCl

the leachable Cr increased compared to the reference, the same occurred in wet FA

(Magro 2014). Nevertheless, these results were only seen after ED process, perhaps

due to the form change from Cr(III) to Cr(VI). When comparing the amount of

leached heavy metals from the APC (ash) (Kirkelund et al. 2014b) to the amount

leached from the mortars with APC, it can be seen that the mortars generally

incorporates the heavy metals. Leachability of Cu, Pb, and Zn was reduced or

maintained compared to the reference. Whereas Ca presented higher values in the

conducted studies.

There were no significant differences in compressive strength between incorpo-

ration of 5 and 15 % of ash in the results presented in this chapter (Sect. 12.4.1).

Therefore, the application of concrete containing 15 % of waste incineration

residues should be carefully considered. Although there are experiments in which

the untreated residue gives better results (in terms of workability or compressive

strength)—probably because of any inherent pozzolan effect that is destroyed

during the upgrading—the use of the raw material will not be allowed, due to the

high amount of soluble salts, heavy metals and the long term of leaching or

problems about handling the material after demolition. There are many materials

and contaminants behavior tests that must be investigated with APC, FA, or other

type of ash. At the present, there are few studies about the incorporation of FA and

APCs with ED pre-treatment. Chen et al. (2014) achieved promising results after

the incorporation of upgraded APC in clay bricks. The study shows that, similarly

with the results select in this overview, the leaching of Pb decreased when 5 % of

upgraded ash residue is incorporated contrary to Crtotal leachability that increased

after ED process.
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12.4.2.1 Chloride

The chloride ion promotes the oxidation of iron in the form of rust, causing not only

a reduction of the section of the armature, but also an expansion due to iron oxide

formation, which ultimately results in the disintegration of concrete, accelerating

the corrosion process (Frutuoso 2013). Corrosion process happened, e.g., because

the soluble salts present a weak interaction with cement matrices. The biggest

difficulty of a S/S process is related with high amount of soluble salts content. To

decrease this amount, the washing of the APC and FA before incorporation in

cement may be an option (Quina 2005).

EN-206-1 European standard 206-1 (2000), Concrete – Part 1: Specification,

performance, production and conformity. Brussels expresses the percentage of

chloride ions by mass of cement. In Magro (2014) the chloride (%) increased

after the including of 5 % ash in cement, but the values for upgraded wet FA and

semidry APC showed a similarity with reference and according to the limit value in

EN-206-1. In Kawamura et al. (1998) the incorporation of 20 % FA shows 2 % of

chloride, showing that the chlorides are certainly present in the MSWI ash, and

mainly in the form of halite and sylvite. These results show a new possibility to the

improvement of the residue with ED treatment, after the S/S process.

12.5 Conclusions and Main Recommendations

This overview aimed to understand if the ED process is an appropriate

pre-treatment for further reuse of IR in mortar bars. This subject is a challenging

one, because this type of waste usually presents high amounts of heavy metals and

salts. Contamination of soil, groundwater is one of concern associated with the

disposal of MSWI.

Four parameters were resumed in this chapter: initial characteristics, compres-

sive strength, heavy metals leachability, and chloride content. The ash characteris-

tics are influenced by several factors related to each plant, such as the composition

of the waste that is burned. Therefore, further studies should be made in order to

reach more conclusions on the ashes characteristics when they are upgraded with

ED treatment and incorporated in cement.

The use of ED treated IR for incorporation in cement seems a viable option if it

prevents the leaching of contaminants. The results obtained till now by the group

shows that the immobilization of contaminants may be achieved, and these results

are very promising. Also, no statically significant differences were observed in

compressive tests between the incorporation of 5 or 15 % of ash as substitute for

cement in mortar, meaning that the incorporation of 15 % of ash can be the first

option as it allows a high reuse of the ash. Mortars with ED treated residues show

similar compressive strengths compared to the raw residue, but lower than the

reference mortar. Compression tests are important to define the mortars, and must
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first be similar to the reference values (without residues incorporation), on the other

hand, all the values are in the standard suggested by Frutuoso (2013). For the wet

FA (Magro 2014) higher values were achieved when compared to the other studies

(Lima et al. 2012; Kirkelund et al. 2014a).

The addition of this type of APC might present a threat for steel corrosion in

reinforced concrete structures due to the highly soluble chloride content. The

soluble salts have a weak interaction with cement matrices. Normally, the main

problem, mostly in APC, is chloride content, and these values seem to decrease

when there was an ED pre-treatment. Yet insulation measures for the building

material will always be required. In fact, one of the biggest difficulties in treating

this residue relates to its high content of soluble salts, which limits its application in

further products. Decreasing the amount of chloride may pass through a washing

process before the incorporation of this APC in cement.

The stabilization of MSWI ash may be difficult, as its characteristics may float

according to the waste that is burned as well as burning conditions. As a conse-

quence, it is hard to work out a standard for MWSI APC for concrete. In studied

residues here presented pre-treatment with ED process and then incorporation in

construction materials, when OPC is used, appears to be an appropriate choice.

One of the environmental benefits of this approach includes reduction of waste

and the associated space for landfill, conservation of natural resources such as

gypsum, limestone, and natural gas when ah is used as a replacement in cement

production and reduction of greenhouse gas emissions. Still, further studies should

be carried out regarding the long-term environmental impacts of the reuse of the

upgraded IR in construction materials.
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Brown P, Jones T, BéruBé K (2011) The internal microstructure and fibrous mineralogy of fly ash

from coal-burning power stations. Environ Pollut 159:3324–3333

Chen W, Ottosen LM, Jensen PE, Kirkelund GM, Schmidt JW (2014) A comparative study on

electrodialytic treated bio-ash and MSWI APC residues for use in bricks. In: Proceedings of the

5th international conference on engineering for waste and biomass valorisation, Rio de Janeiro,

Brazil, 25–28 Aug 2014, pp 648–662

Christensen IV (2004) Electrodialytic remediation of CCA-treated waste wood. Ph.D. thesis,

Technical University of Denmark, Denmark

Collivignarelli C, Sorlini S (2001) Optimization of industrial wastes reuse as construction mate-

rials. Waste Manage Res 19:539–544

244 C.C. Magro et al.

http://www.cement.org/


Del Valle-Zerme~no R, Formosa J, Chimenos JM, Martı́nez M, Fernández AI (2013) Aggregate

material formulated with MSWI bottom ash and APC fly ash for use as secondary building

material. Waste Manage 33:621–627

Directive 2000/76/EC of the European Parliament and the Council of 4 December 2000, on the

incineration of waste

Ecke H, Sakanakura H, Matsuto T, Tanaka N, Lagerkvist A (2000) State-of-the-art treatment

processes for municipal solid waste incineration residues in Japan. Waste Manage 18(1):41–51

Eighmy TT, Kosson DS (1996) U.S.A. national overview on waste management. Waste Manage

16(5/6):361–366

European Environmental Protection EEA (2005) Guidance on sampling and testing of wastes to

meet landfill waste acceptance procedures

EN-206-1 European standard 206-1 (2000) Concrete—part 1: specification, performance, produc-

tion and conformity, CEN, Brussels

Eurostat (2014) Municipal waste generation and treatment, by type of treatment method. Environ-

mental statistics and accounts in Europe, Eurostat statistical books, EuropeanCommission.http://

epp.eurostat.ec.europa.eu/tgm/graph.do?pcode¼tsdpc240&language¼en. Accessed Nov 2014

Ferraris CF, Brower L, Ozyildirim C (2000) Workability of self-compacting concrete. National

Institute of Standards and Technology. In: Proceedings of the international symposium on high

performance concrete, Orlando, 25–27 Sept 2000, pp 398–407

Ferreira C (2005) Removal of heavy metals from municipal solid waste incinerator fly ash by an

electrodialytic process. Ph.D. thesis, Technical University of Denmark, Denmark

Ferreira C, Ribeiro AB, Ottosen LM (2003a) Possible applications of municipal solid waste fly

ash. J Hazard Mater 96(2–3):201–215

Ferreira C, Ribeiro AB, Ottosen LM (2003b) Heavy metals in MSW incineration fly ashes. J Phys

IV Fr 107:463–467

Ferreira C, Jensen PE, Ottosen LM, Ribeiro AB (2004a) Removal of selected heavy metals from

MSW fly ash by electrodialytic process. Eng Geol 77(3–4):339–347

Ferreira C, Ribeiro AB, Ottosen LM (2004b) Treatment of MSW fly ashes using the electrodialytic

remediation technique. In: Brebbia CA, Kungolos S, Popov V, Itoh H (eds) Waste manage and

the environ II. WIT Press, Japan, pp 65–75

Frutuoso AR (2013) Influência de agregados provenientes de RCD e cinzas volantes não
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Part IV

Modeling of the Electrokinetic Process



Chapter 13

A Coupled Reactive-Transport Model
for Electrokinetic Remediation

Juan Manuel Paz-Garcı́a, Marı́a Villén-Guzmán, Ana Garcı́a-Rubio,

Stephen Hall, Matti Ristinmaa, and César G�omez-Lahoz

13.1 Introduction

Most published works in the field of electrokinetic remediation (EKR) are exper-

imentally based studies, reporting empirical results from a wide range of materials,

contaminants, and operation conditions. These experimental results are the basis for

the fundamentals of the EKR technology. However, to further develop EKR and

achieve efficient field-scale treatments, it is essential to establish first a more robust

theoretical framework, and second numerical models with reliable prediction

capability (Alshawabkeh 2009; Yeung and Gu 2011; Reddy 2013). The aim of

theoretical research and model development is not only the creation of tools that

allow the prediction of experimental results, but also the increase of the overall

understanding of the different processes involved, as well as to improve and

optimize the experimental methods.

Research via modelling can be subdivided into, at least, two different steps.

First, the theoretical researcher has to study the modelled system and, based on the

experimental observation and the existing experience, identify the most significant

physical–chemical processes taking place. Then, the researcher has to propose

mathematical equations that describe these selected physical–chemical phenomena

in a consistent manner. The set of selected physical–chemical laws and their

mathematical representation is normally referred to as “theoretical model”. It is

worth mentioning that a good theoretical model describes all the physical–chemical
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processes that have relevant influence in the process, with the minimal number of

equations and parameters.1

In a second step, the researcher has to solve (mathematically) the derived model

for a specific case studied. Each case studied will be determined by its initial and

boundary conditions. The solution of the mathematical problem (in the form of

simulations) is appraised by comparison with experimental data. This process

normally leads to the reformulation of both the theoretical model and the procedure

used for the mathematical solution. A consequence of this evaluation is the repe-

tition of the previous steps (selection of physical laws, construction of the mathe-

matical model, and its solution) until a consistent model is obtained, in which the

simulation and the experimental results are comparable.

In general, the process of developing theoretical models for the specific appli-

cation on EKR processes presents the following key characteristics:

1. EKR systems are heterogeneous. The materials under study (such as soil, bricks,

stones, concrete structures, sludge, wood, or fly ashes) consist of one or more

porous bodies or suspensions including aqueous or liquid phases, one or more

solid phases and, sometimes, gaseous phases.

2. EKR processes are multi-physical. The theoretical model should include elec-

trochemical reactions at the electrodes, transport phenomena of chemical species

driven by direct and coupled mechanisms (e.g. diffusion, electro-migration,

electro-osmosis) and chemical reactions aspects (e.g. precipitation/dissolution,

complexation, gas formation or electrochemical deposition).

3. EKR processes are specific for the modelled system. Aspects such as the

concentration and composition of the specific contaminant and the other chem-

ical species existing in the supporting matrix as well as the specific technique

used for the remediation have to be addressed individually for each case.

Based on the list above, it is concluded that the description of a generalized

model for EKR treatments is a challenging task. It is generally accepted that the

most consistent theoretical model for macroscopic EKR processes consists of the

combination of mass balance equations coupled with the electro-neutrality condi-

tion, where the main transport mechanisms are electro-migration for charged

species and electro-osmosis for neutral (non-charged) species (Jacobs and

Probstein 1996; Rodriguez-Maroto and Vereda-Alonso 2009).

Due to the complexity of the theoretical problem, its mathematical solution

generally requires the use of advanced computer-assisted numerical methods. The

algorithm used for obtaining the numerical solution of the theoretical model,

including all the necessary assumptions to make the problem solvable, is referred

to as “the numerical model”. Sometimes, this term also includes the code

implemented in the chosen programming language for the computer-aided solution.

1 This means that the best model is the one with the best ratio between mathematical simplicity and

physical realism.
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In most cases, the implementation of a consistent and reliable numerical model

is the bottleneck of model-based research processes. This is also due to the lack of

commercial and user-friendly software specifically designed for EKR applications,

which forces the researches to implement their own codes. There are, however,

some available software packages of interest for this purpose. For example,

speciation-equilibrium and batch-reaction programs, such as PHREEQC (Parkhurst

and Appelo 1999); Visual Minteq (Peterson et al. 1987) or WATEQ4F (Ball and

Nordstrom. 1991), among others, are useful for the characterization of the chemical

system during the development of the theoretical model. These applications can be

coupled with programs able to solve partial differential equations systems for a

coupled reactive-transport model (Nardi et al. 2014).

In this work, we present a generalized theoretical model for EKR treatments and

we propose and explain, with simple guidelines, how the numerical model was

implemented for the simulations presented here. The theoretical model included

many features found in existing models proposed for EKR processes, and it is

explained in a very generalized manner in such a way that it can be applied for

different matrices, contaminants and setups designs. The numerical model, in turn,

consists of the combination of two main coupled modules: one for reactive-mass

transport and another one for chemical equilibrium. The general algorithm used for

the solution of the coupled model is depicted in Fig. 13.1. We assume that a subset of

resulting from the 
electrochemical reactions

Build the linearized 
matrix system

Non-linear FEM 
transport module

Chemical equilibrium 
module

K *a = b *

YES

t new= told + t

t new tmax ?
NO

END

START

Chemical system
(Initial concentrations)

Boundary conditions 
(Including electrical)

the  numerical 
parameters

Physical system 
(topology)

Initialization

Main loopFig. 13.1 General

algorithm for the coupled

reactive-transport and

chemical equilibrium

model. First, the physical–

chemical system is defined,

together with the initial and

the boundary conditions

depending on the case

studied. The numerical

integration in time is

achieved by means of a

finite element method for

nonlinear transport, coupled

with a module for

re-establishing the chemical

equilibrium of a set of

sufficiently fast reversible

reactions in the system. The

algorithms for the two main

modules (the one for

reactive-transport and the

one for chemical

equilibrium) are described

separately
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the chemical reactions in the system are fast enough to allow for the assumption of

reactive-transport under local chemical equilibrium conditions. This assumption is

widely accepted for electrochemically induced reactive-transport processes and is

based on the fact that the reversible equilibrium reactions involved are fast enough in

both the direct (towards the products) and the reverse (towards the reactants) direc-

tions, such that the transport process can be assumed to take place in conditions close

to chemical equilibrium. This assumption is valid especially for homogeneous

aqueous-phase acid/base and complexation reactions. In the case of heterogeneous

reactions, such as adsorption/desorption, ion-exchange or precipitation/dissolution

reactions, the local chemical equilibrium assumption is in the limit of validity.

However, for a large number of case studies, the assumption of local chemical

equilibrium showed good agreement between experimental and simulations results.

We also present guidelines for a model combining slow reactions (kinetically con-

trolled) and fast equilibrium reactions. Other chemical aspects taken into account in

the model are externally forced electrochemical reactions at the electrodes, and

irreversible reactions such as gas releasing reactions, which are not included in the

set of reactions that are under the local chemical equilibrium assumption.

The non-linear reactive-transport model, including the kinetically controlled,

irreversible and externally forced chemical reactions, is numerically solved using a

finite element method (FEM). The chemical equilibrium module, in turn, computes

the chemical equilibrium concentrations of a set of chemical species from a

non-equilibrium state in a time-independent manner. These two main modules are

explained in separate sections. In both cases, for the sake of clarity, the theoretical

and the numerical models are also explained in separated subsections.

This chapter is divided as follows: first, the modelled system is explained. Next,

the chemical equilibrium is described, and, as an example, it is used to calculate the

initial conditions. Subsequently, the reactive-transport model is described, includ-

ing the guidelines for the finite element numerical solution (complemented with

appendices). Finally, we complete the chapter with a section showing simulation

results for the modelled system, and comparison with experimental results.

13.2 The Modelled System

Let us consider a lab-scale setup for soil remediation, consisting of two electrodes, in

their corresponding electrode compartments, sandwiching a soil sample into a hor-

izontal column, depicted in Fig. 13.2. Using this geometry, the transport of chemical

species can be considered to occur only in the longitudinal direction of the column,

i.e. towards one of the electrodes, and the system can be simplified to a 1D problem.

Themodelled system is based on the experimental results reported in Villen-Guzman

et al. (2015), where soil with high content of carbonates and contaminated with a

significant amount of lead is submitted to an acid-enhanced EKR treatment using

acetic acid (HAc, where Ac� stands for the acetate ion). The chemical system

(species and chemical reactions assumed in the system) is described in Table 13.1.
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catholyte 

pH electrode 

Reagent  
Dispenser 

(HAc) 

Filter paper 

anolyte 

Peristaltic pump

cathode anode 

soil 

Fig. 13.2 Scheme for an acid-enhanced EKR treatment in horizontal column (20 cm length �
8 cm i.d.). Electrode compartments are well stirred and have a volume of electrolyte of 0.5 L.

A constant current density of 2mA cm�2 is applied to the system during 15 d. In the cathode

compartment, pH < 5 is assured by dropping HAc 1M from a burette using an automatic

pH-control device

Table 13.1 Simplified chemical system used to model the case example

i r Species/Stoichiometry pKeq Di � 109 (m2 s�1)

1 - H+ - 9.311

2 - OH� - 5.273

3 - Na+ - 1.134

4 - Ca2+ - 0.792

5 - CO3
2� - 0.923

6 - Ac� - 1.084

7 - Pb2+ - 0.945

8 1 H2O⇄Hþ þ OH� 14.00 100

9 2 HCO3
�⇄Hþ þ CO3

2� 10.33 1.185

10 3 CaHCO3
þ⇄Hþ þ Ca2þ þ CO3

2� 11.6 1.185a

11 4 PbHCO3
þ⇄Hþ þ Pb2þ þ CO3

2� 13.2 1.185a

12 5 H2CO3⇄2Hþ þ CO3
2� 16.68 1.910

13 6 HAc⇄Hþ þ Ac� 4.76 1.210

14 7 PbAcþ⇄Pb2þ þ Ac� 2.68 0.945a

15 8 CaAcþ⇄Ca2þ þ Ac� 1.18 0.792a

16 9 CaCO3 sð Þ⇄Ca2þ þ CO3
2� 8.48 -

17 10 2PbCO3 � PbðOHÞ2 sð Þ⇄3Pb2þ þ 2CO3
2� þ 2OH� 45.46 -

Equilibrium constants for the given stoichiometry when using molal concentrations from

Parkhurst and Appelo (1999)
aEstimated values

13 A Coupled Reactive-Transport Model for Electrokinetic Remediation 255



To establish an external electric field in an electrolyte solution, an electric

potential drop is enforced between the electrodes. For the case under study, we

consider galvanostatic conditions of 2mA cm�2. Due to the externally forced

electric field, electrochemical reactions take place at the electrodes, i.e. oxidation

at the anode, which becomes positively charged and attracts the anions; and

reduction at the cathode, which becomes negative and attracts the cations.

The 1 L horizontal column is filled with a soil that is moisture-saturated with

0.1M NaAc solution. For the simulations, the soil is assumed composed by 20mol

of inert material (� 1:2 kg,M ¼ 60 g mol�1, ρ ¼ 2648 g cm�3), 1.2mol of calcite

(� 120 g,M ¼ 100 g mol�1, ρ ¼ 2710 g cm�3) and 0.1 mol of hydrocerussite

(� 77:6 g, M ¼ 776 g mol�1, ρ ¼ 6800 g cm�3 ), leading to a soil mixture

of� 1398 g, with ρ� 2. 75g cm�3 and solid volume fraction of� 51% (therefore,

the initial porosity εinitial¼ 49%). The initial content of Ca2+ and Pb2+ in the soil is,

respectively, 34.3mgg�1 and 44.7mgg�1 referred to mass of dry solid.

The electrode compartments in both anode and cathode consist in a column disk

and an external vessel containing, each of them, a volume of electrolyte of 0.5 L in

total. The electrolyte in each electrode compartment is continuously circulated

between the compartment at the column containing the electrodes and the well-

stirred external vessels with the pH control and sampling devices (see Fig. 13.2).

Both electrode compartments are initially filled with an electrolyte resulting from

dissolving 1mmol of NaAc and 1mmol of HAc in 1 L of water. The solution is

assumed to be in equilibrium with atmospheric CO2 (g).

The experimental results in Fig. 13.3 show that, during the treatment, the min-

erals containing Ca and Pb dissolve as a consequence of the reaction with the acidic

front entering from the anode side of the column. Ca is gradually removed from the

column and collected at the cathode compartment. Pb, however, dissolves form the

anode side and precipitates again within the column in those regions where the pH

is still buffered by existing carbonates. These results suggested that the remediation
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Fig. 13.3 Experimental pH and concentration of Ca and Pb referred to kg of dry soil. For the

analysis, homogenized samples were taken from ten consecutive cylindrical sections (2 cm length

each) along the column. Concentrations correspond to 16 days of treatment using 2mAcm�2.

Initial concentrations are shown with horizontal dashed lines
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of this soil (with high content of carbonates of Pb and Ca) using an acid enhanced

technique may require the dissolution of all the carbonates associated with Ca

before dissolving those carbonates associated with Pb. Simulations results are

presented in Sect. 13.5, and compared with the experimental results shown here.

13.3 Chemical Equilibrium

13.3.1 Chemical Equilibrium: Theoretical Model

The solution of the continuity equations simultaneously accounting for the chem-

ical reaction terms is possible but very challenging. Difficulties arise due to the lack

of information about the kinetic laws for the chemical reactions in each specific

multi-species chemical system. Furthermore, accurate numerical solutions are

difficult to obtain due to the large differences in the order of magnitude of the

kinetic constants with respect to the transport terms.

For the study of the transport of ionic and non-ionic chemical species through

reactive porous media, it is typically accepted that the reversible chemical reactions

that take place during the process are fast (in both direct and reverse directions)

compared to the rates of the transport processes involved in the system. The

assumption of local chemical equilibrium allows to solve a set of fast reactions2

using a speciation and batch reaction chemical equilibrium model. A set of

non-linear algebraic equations is established from the mass balance and the mass

action equations describing the chemical equilibrium (Rawlings and

Ekerdt 2002; Bethke 2008; Métivier and Roussel 2012; Paz-Garcia

et al. 2013, 2015, 2011).

Let i and r be, respectively, the indexes for the chemical species and the

chemical reactions describing the secondary species, with i¼ 1, 2, . . .,N and

r¼ 1, 2, . . ., S; where N is the total number of species, N � Sð Þ is the number of

master species and S is the number of chemical equilibrium reactions used to define

the secondary species as function of the master species. The stoichiometric equa-

tions for each of the S reactions are defined as

νrnr⇄
XN
i¼1

νi, rni, ð13:1Þ

where the variable ni (mol) denotes the concentration referred to an invariable

volume3; in our case, ni¼ ciεθ and νi, r is the stoichiometric coefficient for the ith

2 “Fast” means here, fast enough to reach chemical equilibrium in the time interval Δt used for the

numerical integration of the transient FEM.
3 In the following, concentration in brackets are also used, as ni¼ [i].
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species in the rth reaction,4 where ε (–) is the porosity, θ (–) is the water content and
ci (molm�3) is the concentration referred to the volume of solvent. In this model,

stoichiometric equations have to be written in the form of dissociation or dissolu-

tion reactions with only one reactant.

When N chemical species in non-equilibrium react with each other to reach the

chemical equilibrium state, a mass conservation equation can be written as a

function of the extent of the reaction ξr. The reaction extent is the extensive quantity
describing the progress of a chemical reaction equal to the number of chemical

transformations (McNaught and Wilkinson 1997). In order to reach the chemical

equilibrium state, any reversible reaction can proceed towards the products or

towards the reactants, so ξr can be either a positive or a negative value.

According to the previous definition, the total amount of each species at equi-

librium is given by the mass balance equation along the chemical reaction path, in

the form of

ni, eq: ¼ ni, init: þ
XM
r¼1

ξrνi, r, ð13:2Þ

Let x ¼ ξ1, ξ2, � � � , ξS½ � be the vector containing the reaction extents for the

S reactions. The function Ψ r xð Þ is defined as a measure of the Gibbs energy of the

chemical system according to the thermodynamic description of the chemical

potential and it tends to zero when the system approach to the equilibrium. Thus,

the function Ψ r xð Þ represents the distance to the equilibrium state for the rth
reversible reaction. Using logarithms, Ψ r xð Þ can be expressed as

Ψ r xð Þ ¼
XS
r¼1

νi, rln aið Þ � lnKeq, r, ð13:3Þ

where Keq, r is the equilibrium constant for the rth reaction and ai (–) is the chemical

activity.5

Different theories can be used to define the activity coefficients. The Davies and

Setschenow equations, for ionic and non-ionic aqueous species respectively, have

been used in the simulation results presented here. For the case of the solvent and

the solid species, the chemical activities are set to a fixed value of 1. Heterogeneous

precipitation/dissolution reactions are included in the model. This means that the

equilibrium reaction for the solid species is only included in the set of chemical

reactions when the saturation index predicts the existence of the precipitated phase.

4 For example: H2CO3½ �⇄ 2Hþ½ � þ CO2�
3

� �
.

5 For example: ψðxÞH2CO3
¼ ln aCO3

2� þ 2ln aHþ � lnKeq.
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13.3.2 Chemical Equilibrium: Numerical Model

As an example of how to implement numerically the chemical equilibrium model,

the initial concentration for the modelled chemical system will be calculated. The

modelled chemical system consists of N ¼ 17 chemical species and S ¼ 10 equi-

librium equations, as described in Table 13.1. Additional chemical species could

have been included in the system, such as Ca(OH)2, CaOH
+, Pb(OH)2 or NaAc

+.

The chosen chemical system is based on simulations done in PHREEQC, to select

which species have significant concentrations in the range of pH < 10. As men-

tioned before, due to the simplicity vs. realism compromise, a good selection of the

relevant chemical species and reactions in the system generally leads to a more

accurate numerical solution. The stoichiometric equations are expressed in matrix

notation, forming stoichiometric matrix of the chemical system M.

MðS�NÞ ¼

1 1 0 0 0 0 0 �1 0 0 0 0 0 0 0 0 0

1 0 0 0 1 0 0 0 �1 0 0 0 0 0 0 0 0

1 0 0 1 1 0 0 0 0 �1 0 0 0 0 0 0 0

1 0 0 0 1 0 1 0 0 0 �1 0 0 0 0 0 0

2 0 0 0 1 0 0 0 0 0 0 �1 0 0 0 0 0

1 0 0 0 0 1 0 0 0 0 0 0 �1 0 0 0 0

0 0 0 0 0 1 1 0 0 0 0 0 0 �1 0 0 0

0 0 0 1 0 1 0 0 0 0 0 0 0 0 �1 0 0

0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 �1 0

0 2 0 0 2 0 3 0 0 0 0 0 0 0 0 0 �1

2
666666666666664

3
777777777777775

:

ð13:4Þ

The equilibrium equations will proceed towards the direction of the products

(direct) or the direction of the reactants (inverse) to reach, if possible, the chemical

equilibrium. In the example, the system can be expressed in matrix notation as

n1
n2
⋮
⋮
nN

2
66664

3
77775
eq:

¼

n1
n2
⋮
⋮
nN

2
66664

3
77775
init:

þMT

x1
x2
⋮
xS

2
664

3
775, ð13:5Þ

equivalent to

Hþ½ �
OH�½ �
⋮

2PbCO3 � PbðOHÞ2
� �

2
664

3
775
eq

¼
Hþ½ �

OH�½ �
⋮

2PbCO3 � PbðOHÞ2
� �

2
664

3
775
init:

þþMT

x1
x2
⋮
x10

2
664

3
775, ð13:6Þ
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and also equivalent to

neq xð Þ ¼ nini þMTx: ð13:7Þ

The stoichiometric system of equations is coupled with the system of equilib-

rium equations, written in terms of the residual function Ψ , 6 as

ψ1 xð Þ
ψ2 xð Þ
⋮

ψS xð Þ

2
664

3
775 ¼ M

ln a1 xð Þ
ln a2 xð Þ
⋮
⋮
ln aN xð Þ

2
66664

3
77775�

ln K1

ln K2

⋮
ln KS

2
664

3
775 , ð13:8Þ

equivalent to

ψ1 xð Þ
ψ2 xð Þ
⋮
ψ10 xð Þ

2
6664

3
7775 ¼ M

ln Hþ½ �
ln OH�½ �
ln Naþ½ �
ln Ca2þ
� �

ln CO3
2�� �

ln Pb2þ
� �

ln Ac�½ �
0

ln HCO3
�½ �

ln CaHCO3
þ½ �

ln PbHCO3
þ½ �

ln H2CO3½ �
ln HAc½ �
ln PbAcþ½ �
ln NaAc½ �
ln CaAcþ½ �

0

0

2
6666666666666666666666666666664

3
7777777777777777777777777777775

�
ln K1

ln K2

⋮
ln K10

2
664

3
775 , ð13:9Þ

and also equivalent to

Ψ xð Þ ¼ M a xð Þ � k: ð13:10Þ

6 The reader should note that in the equilibrium equation the use of activity coefficients cancels the

terms for the solids and the solvent. For the aqueous species, we approximate the chemical

activities with the molal concentration.
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Equations (13.7) and (13.10) form the non-linear matrix system defining the

chemical equilibrium. The solution of the non-linear matrix system is achieved by

means of an iterative Newton–Raphson (NR) method with line search improvement

(Press et al. 1992). The NR method indicates the next iteration value for the

unknowns, xnew, obtained from the present value, xold, by calculating a numerical

increment, δx, towards the direction that decreases the residual function.

xnew ¼ xold þ λδx: ð13:11Þ

The Taylor series expansion of the residual function ΨðxÞ is

Ψ xnewð Þ ¼ Ψ xoldð Þ þ J δxþO δxð Þ2, ð13:12Þ

where O(δx)2 represents the error related to terms with order greater than 2 and J is

the Jacobian matrix.

The next step in the adopted NR method is given by taking into account that the

method aims for the condition Ψ xnewð Þ ¼ 0. Ignoring the term O(δx)2, the incre-

ment of the variable “extent of the reactions” in the direction of the equilibrium is

obtained from the solution of

Jδx ¼ �Ψ xoldð Þ: ð13:13Þ

A line-search with backtracking enhancement is used in the NR method. As

mentioned above the vector δx indicates the direction in which the residual

decreases but it does not carry information about the optimal magnitude of the

increment in the extent of the reactions. If the step is too long, the system may

deviate farther from the equilibrium sate, failing to minimize the residual. In

addition to this, the system is restricted to the non-negative constraint for the

concentrations (Baten and Szczepanski 2011). Figure 13.4 shows the algorithm

used for the Newton–Raphson with line-search procedure.

As an example of the solution of the numerical model for chemical equilibrium,

the initial concentration in the soil is presented in Table 13.2. The initial compo-

sition of the wet soil is calculated in two steps: first the aqueous phase is equili-

brated with an infinite amount of CO2(g) at atmospheric pressure. After that, the

resulting electrolyte is equilibrated with the solid phases (calcite and

hydrocerussite).7

7 Note that the model predicts the changes of concentration due to changes in the amount of water

in the system as, e.g., in the case of Na+, which slightly increases its concentration even when it is

inert in the chemical system considered here.
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13.4 Reactive Transport

13.4.1 Reactive Transport: Theoretical Model

Let us consider a representative volume element (RVE) in the domain under study

(see Fig. 13.5). The size of the RVE depends on the physical–chemical system

studied. It should be sufficiently small to be apparently discrete, but sufficiently big

to contain enough particles for the continuous medium assumption. In this volume,

a mass balance (or continuity equation) is defined for each of the N chemical

species in the system, and coupled with the Poisson’s equation,8 that are,

respectively,

( )x

YES

( )a x

( ) 0?x
NO

END

Newton-Raphson step

Line search loop

START
Initial guess

x = J \ f xold( )

old new=x x

xnew = 0

xnew = xold + x

Fig. 13.4 Algorithm for the Newton–Raphson with Line-Search enhancement followed for the

chemical equilibrium module. The next step in the numerical iteration is done following the

direction indicated by the Newton–Raphson method, and scaled to produce an actual decrease in

the overall residual, which is a measure of the distance to the equilibrium. The Line-Search routine

is also adapted to assure non-negative concentrations of all species during the process. In terms of

coupling with the FEM module, this algorithm is probably the one consuming more running time,

as it has to be run in every node of the domain

8 In most cases, the Poisson’s equation is accurately approximated by the electro-neutrality

condition:
P

cizi ¼ 0. The Poisson’s equation is suggested here to present a generalized model

that can also be used to describe electric double-layers formed at the interface of the electrolyte

and charged surfaces, only relevant in a scale of nanometers to a few micrometers.
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Table 13.2 Computing the initial composition of the pore electrolyte and the amount of solids

using the chemical equilibrium model

i r Species ci, ini ci, eq

1 - H+ 1� 10�4 7.314� 10�7

2 - OH� 1� 10�4 2.23� 10�2

3 - Na+ 100 100 + 4� 10�6

4 - Ca2+ 0 0.1212

5 - CO3
2� 0 0.2055

6 - Ac� 100 999.31

7 - Pb2+ 0 1.135� 10�6

8 1 H2O 1 0.99997

9 2 HCO3
� 0 1.172

10 3 CaHCO3
þ 0 9.642� 10�4

11 4 PbHCO3
þ 0 3.593� 10�4

12 5 H2CO3 1.135� 10�2 1.13� 10�3

13 6 HAc 0 2.48� 10�2

14 7 PbAc+ 0 1.98� 10�4

15 8 CaAc+ 0 0.6684

16 9 CaHCO3 sð Þ 1.3 1.2996

17 10 PbHCO3 sð Þ 0.1 0.1–3.7� 10�8

Units are mM for aqueous species and mol for solids. For water, units are volume of water per

volume of available pore

Fig. 13.5 Representative

volume element of

electrolyte. Concentration

changes of the species

i inside the volume are

caused by transport through

the boundaries, chemical

reaction, or concentration/

dilution processes due to

changes of the solvent (e.g.,

evaporation)
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∂Eθci
∂t

¼ �∇ � Ji þ Gi ; ði ¼ 1, 2, . . . ,NÞ, ð13:14Þ

and

X
cizi ¼ � ε

F
∇2ϕ, ð13:15Þ

where i¼ 1, 2, . . .,N is an index for the chemical species, ε (–) is the porosity, θ (–) is
the water content, ci (molm�3) is the concentration referred to the volume of solvent,

Ji (mol m�2 s�1) is the flux term andGi (mol m�3 s�1) is the chemical reaction term,

F (Cmol�1) is the Faraday constant, zi (–) is the ionic charge, ε (C V�1 m�1) is the

permittivity and ϕ (V) is the electric potential. This system of equations is known as

Nernst–Planck–Poisson (NPP) system.

In electrochemically-induced transport of chemical species through porous

media, the flux term Ji is a combination of different transport contributors. Here,

we use an extended version of the Nernst–Planck equation accounting for diffusion,

electro-migration, and advection, the latter dependent on the water transport in

partially saturated porous media and electro-osmosis

Ji ¼ � Eθ
τ

Di∇ci þ zici
FDi

RT
∇ϕþ ciDH2O∇θ þ ciKe:o:∇ϕ

� �
, ð13:16Þ

where Di (m
2s�1) is the diffusion coefficient, τ (–) is the tortuosity, R (J K�1 mol�1)

is the universal gas constant, T (K) is the absolute temperature, DH2O (m2s�1) is the

diffusivity of water (which is specific for each material matrix and strongly depends

on θ in a non-linear manner (El Abd et al. 2009)), and Ke.o. (m
2 V�1 s�1 ) is the

electro-osmotic coefficient.

The terms ε and θ are included for the consistency of the units of all terms in the

continuity equation. Furthermore, all transport terms are assumed dependent on the

tortuosity τ, which is a measure of the actual distance covered by the species

through the porous structure and the connectivity of the pores. The tortuosity

depends on the material matrix and has to be defined specifically for each modelled

system. Different attempts have been proposed by several authors to analytically

characterize the tortuosity.9 For practical aspects, the tortuosity will be considered

here as the main fitting parameter (or degree of freedom) to achieve a good

agreement between the experimental and the simulation results. In the numerical

9 In most cases, the tortuosity is studied in water saturated porous media, and the Bruggeman’s

equation (Chung et al. 2013) is given in terms of τ¼ εα where, for the case of spherical particles α
is �1/2. In our model, we propose that the decrease of the connectivity of the pores in water-

unsaturated porous media affects the transport by increasing the tortuosity in the form τ¼ εαθβ.
More detailed studies can be carried out for a better mathematical expression of this specific

phenomenon, namely to include the effect of the pore size distribution and the existence of close or

non-connected porosity.
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implementation, the tortuosity is also used to model well-stirred compartments

(by using τ<< 1) and to model the perm-selectivity of ion-exchange membranes

(by using different τ values as a function of the ionic charge of the chemical species

(Paz-Garcia et al. 2014)).

Most models for ionic transport in an aqueous phase are described without includ-

ing water as a chemical species in the system. This is a good assumption in water-

saturated media without advective terms.10 As we aim here to describe a generalized

model in partially saturated porous media, it is necessary to include water in the

system. Taking into account that the term cH2O is a constant ( 55. 56molm�3),

the continuity equation for water is expressed in terms of the water content θ.
Combining Eqs. (13.14) and (13.16), for the reactive-transport of water and using

that the diffusion and the electro-migration terms are absent,11 one obtains

∂Eθ
∂t

¼ ∇ � EθDH2O

τ
∇θ þ EθKe:o:

τ
∇ϕ

� �
þ GH2O, ð13:17Þ

Therefore, water is assumed to move through the pores as a consequence

of diffusivity due to gradients of water content (Pachepsky et al. 2003; Roels

et al. 2003;Nguyenet al. 2008; Johannesson et al. 2009;ElAbdet al. 2009;Hall 1977)

and electroosmosis (Cameselle and Reddy 2012; Delgado et al. 2007;

Lyklema 2005; Paz-Garcia et al. 2014; Subires-Munoz et al. 2011).

Electro-osmotic is the flow of the pore fluid induced by the applied electric field

related to the electro-migration of the non-electroneutral electric double-layer at the

interface between the solid and the electrolyte. Electro-osmotic advection is essen-

tial, for example, for the EKR of soil contaminated with non-ionic species,

e.g. organic contaminants. Electro-osmotic transport depends on the magnitude

and sign of the zeta potential ζ Vð Þ, which is not constant as it depends on the

concentration and composition of the electrolyte and the chemical properties of

the solid surface (Alshawabkeh and Acar 1996; Yeung and Datla 1995). Most of the

models accounting for electro-osmotic flow consider, however, a constant electro-

osmotic permeability coefficient equal to the optimal experimentally observed

value, which is in a short range of 10�8 to 10�9 (m2 V�1 s�1).

13.4.2 Reactive Transport: Numerical Model

This section focuses on the numerical model for the non-linear reactive-transport

problem. Here, a Galerkin FEM is proposed for the mathematical solution of this

systemof non-linear partial differential equations (Ottosen andPetersson1992;Ottosen

and Ristinmaa 2005; Zienkiewicz and Taylor 2005, 2000). FEM has been already used

10 This assumption is also consistent with the simplicity vs realism compromise.
11 As ∇cH2O ¼ 0 and zH2O ¼ 0.
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before for the numerical modelling of ionic transport in porous media, as, e.g., Javadi

and Al-Najjar (2007), Li and Page (2000), Lim et al. (2007), Lu et al. (2010),

Paz-Garcia et al. 2011, Paz-Garcia et al. (2012), Paz-Garcia et al. (2013), and Sheng

andSmith (2002). TheFEMconsists of the estimation of the continuous functionwith a

piece wise approximating function defined by discrete values at nodal points. The

domain is divided into a number of finite elements defined by the dimensionless nodal

points. This leads to that the state variables are discretized and the system can be solved

using matrix algebra. Let w denote an arbitrary weight function, and a andw columns

vectors for the discrete form of the state variables a (either ci, θ or ϕ) and w,
respectively. The following standard FEM notations are defined:

a � Nai,
∂a
∂x

� Bai,w � wTN
T
,
∂w
∂x

� wTBT, ð13:18Þ

where N ¼ 1� x=Le, x=Le½ � is a linear piecewise shape function interpolating

between nodal points, B ¼ ∇N, Le (m) is the length of finite elements, M is the

total number of elements e ¼ 1, 2, ::Mð Þ, and the superscript T is used to indicate the

transpose of the vectors (Fig. 13.6).

Herein, we present the discretized form of the NPP system.12 The strong formula

for the Nernst–Planck continuity equation,

Fig. 13.6 Finite element discretization of a continuous function a into discrete node values

a (in the example, using five elements and six nodes). The approximated continuous function

Na is built using a Galerkin method with piecewise shape functions N

12 The detailed discretization of the NPP system would be tedious. In the appendices, detailed steps

to discretize the diffusion and the generation terms are presented. Following the same steps, all the

terms presented below can be derived.
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∂Eθci
∂t

¼ ∂
∂x

EθDi

τ

∂ci
∂x

þ ciEθDw

τ

∂θ
∂x

þ ciEθKe:o:

τ

∂ϕ
∂x

þ ziciFEθDi

τRT

∂ϕ
∂x

� �
þ Gi

ð13:19Þ

is discretized into

Mi
∂a
∂t

þ Diai þKiaϕ ¼ bi, ð13:20Þ

where the global matrices are built from the following local matrices:

Mi, local ¼ EθLe
6

∂θ
∂x

2 1

1 2

� �
; ð13:21Þ

Ki, diffusion, local ¼ EθDi

τLe

1 �1

�1 1

� �
; ð13:22Þ

Ki, advection, local ¼ EθDw

2τ

∂θ
∂x

�1 1

�1 1

� �
; ð13:23Þ

Ki, electroosmosis, local ¼ EθKe:o:

2τ

∂ϕ
∂x

�1 1

�1 1

� �
; ð13:24Þ

Ki, local ¼ Ki,Electromigration, local ¼ zici EθFDi

τRTLe

∂θ
∂x

1 �1

�1 1

� �
: ð13:25Þ

In Eq. (13.20), the following simplification has been made13:

Di, local ¼ Kdiffusion, local þKi, advection, local þKi, electroosmosis, local; ð13:26Þ

13 During the discretization of the advective and the electro-osmotic terms, it was decided to use

the concentration of the aqueous chemical species as the state variable, and the others (θ, ∇θ and

∇ϕ) as variables to be recalculated in the iterative non-linear solution. However, for the case of the
water equation, it was linearized on θ and∇θ. This is not shown in this text, and left as an exercise
for the reader. The procedure causes the existence of non-symmetric advective matrices.
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bi ¼ f i þ gi: ð13:27Þ

In turn, the Poisson’s equation in continuous form,

XN
i¼1

cizi þ E
EθF

∂2ϕ

∂x2
¼ 0, ð13:28Þ

is discretized into

XN
i¼1

Eiai þ Kϕaϕ þ fϕ ¼ 0, ð13:29Þ

where the global matrices are built from the following local matrices

Ei, local ¼ ziLe
6

2 1

1 2

� �
; ð13:30Þ

Kϕ, local ¼ E
EθFLe

1 �1

�1 1

� �
: ð13:31Þ

Putting together the N + 1 equations of the discrete NPP system, a coupled

matrix system of equations is obtained, in the form:

M
∂a
∂t

þK aþ b ¼ 0, ð13:32Þ

where the absence of subscripts stands for global matrices and vectors, i.e., defined

for the entire coupled system. Equation (13.32) comes from:

M

M1 0 � � � 0

0 ⋱ ⋱ ⋮
⋮ ⋱ MN 0

0 � � � 0 0

2
6664

3
7775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

∂
∂t

a1
⋮
aN
aϕ

2
664

3
775þ

K

D1 0 � � � K1

0 ⋱ ⋱ ⋮
⋮ ⋱ DN KN

E1 � � � EN Kϕ

2
664

3
775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

a1
⋮
aN
aϕ

2
664

3
775þ

b1
⋮
bN
bϕ

2
664

3
775¼ 0:

ð13:33Þ

The discretization in the time, based on a truly implicit and unconditionally

stable scheme, is

∂a
∂t

¼ a t0 þ Δtð Þ � a t0ð Þ
Δt

, ð13:34Þ
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where t0 is the present time and t0 þ Δt is the next time step in the numerical

integration. Accordingly, Eq. (13.32) can be rearranged to the following

K*

M

Δt
þK

� �
|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl} a t0 þ Δtð Þ ¼

b*

C

Δt
a t0ð Þ � b|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl} ,

ð13:35Þ

where Eq. (13.35) is solved taking into account the boundary conditions

(Ibrahimbegovic 2009; Ottosen and Ristinmaa 2005; Ristinmaa et al. 2011).

As the reader should have noted, all terms in the previous system of equations

are non-linear, and they depend on more than one state variable. During the

discretization process proposed previously, some state variables have been included

into temporary constant matrices or vectors (indicated with an overlined bar), in

order to create a linearized matrix system of equations that can be easily solved by

means of matrix algebra. For example, in the electro-migration local matrix

described in Eq. (13.25) the values of E, θ, and ci are estimated from the known

values (denoted as E, θ, and ci), and the linearized equation is solved in terms of the

gradient of electric potential ∂ϕ=∂x. The solution obtained while solving the

linearized matrix system of equations K∗a t0 þ Δtð Þ ¼ b∗ is, therefore, an approx-

imated solution that can be improved with an algorithm to correct and minimize the

error induced in the linearization process. The procedure is carried out using the

iterative method depicted in Fig. 13.7.

NOYES

Update K*

= K a b 0

a =K \ b

0 0< =a a

START

END

Nonlinear FEM transport module

Fig. 13.7 Subalgorithm for minimizing the error in the solution of the non-linear finite elements

reactive-transport model. A residual function Ψ is defined using the updated value of the global

matrix K∗. In each iteration step, spurious negative concentrations are cancelled. The algorithm

can be further enhanced with a Newton–Raphson method for non-linear systems to calculate a

better approximation of the discrete function
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13.5 Simulation Results

In this section simulation results based on the modelled system described in

Sect. 13.2 are shown and compared to the experimental values in Fig. 13.3, from

Villen-Guzman et al. (2015).

Figure 13.8 shows the pH values in the column obtained in the simulations in

1, 5, and 15 days. The intermediate profiles (1 and 5 days) from the simulations are

shown to illustrate the tendency of the process in time. Figure 13.8 shows that the

pH control is properly modelled, keeping during the entire process the pH at the

cathode equal to or lower than 5 by neutralization with HAc. The pH at the anode,

which was not controlled, decreases to very acidic values of� 2 due to the water

oxidation reaction at the electrode. The comparison of the experimental and the

simulation results in the 16th day of treatment indicates that the model predicts

fairly well the experiments. During the treatment, the soil has pH� 5, which

corresponds to the equilibrium pH of CaCO3 in acidic media. At the anode end of

the column, pH� 2 is obtained, as a consequence of the total dissolution of CaCO3,

as shown in Fig. 13.9.

In both, the experimental and the simulation results, it can be seen that the

dissolution of the Pb-containing mineral (hydrocerussite in the chemical system

modelled here) takes place almost exclusively when the CaCO3 is totally dissolved

and the pH of the pore solution decreases to values below 5 (see Fig. 13.10).

However, the Pb that migrates towards the cathode and reaches regions in the soil

with pH values of� 5 precipitates again. Accordingly, in order to remove Pb from

the entire column using this technique, a long-term treatment would be necessary

producing the total dissolution of the CaCO3.

Distance from the anode end of the soil column (cm)
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Fig. 13.8 Simulation

results for the pH profile

along the column in 1d, 5d,

and 15d, as well as the

experimental results for 15d

for comparison
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Fig. 13.9 Simulation

results for the total amount

of Ca (accounting for form

CaCO3, CaHCO
+, CaAc+

and Ca2+) along the column

in 1d, 5d, and 15d, as well as

the experimental results for

15d for comparison

270 J.M. Paz-Garcı́a et al.



Comparison between the simulation and the experimental results for the

migration of Ca and Pb during the EKR treatment show that the model predicts

fairly well the behaviour of the system. The simulation results show sharper profiles

than those obtained experimentally. These sharp profiles are probably consequence

of the assumption of local chemical equilibrium adopted in the model, and indicate

that the kinetics of the dissolution and precipitation of the solids may play an

important role in the process, as mentioned in Villen-Guzman et al. (2015). Despite

the sharp profiles, the model predicts with remarkable accuracy the experimental

results, taking into account the uncertainties due to the simplified chemical system.

A precise modelled chemical system based on a detailed characterization of the

mineral phases present in the soil, and the consideration of chemical kinetics

aspects could increase the predictive capability of the model.

13.6 Conclusions

In this chapter a theoretical and numerical was presented for its application on EKR

treatments. The model is based on the assumption of local chemical equilibrium.

The model is described in a generalized manner, so it could be easily adapted to

different geometries, solid matrices, contaminants, and operation conditions.

Simulation results are presented for the remediation of a Pb-contaminated soil in

horizontal column applying 2A cm�2 during 15 days, and using an acid-enhanced

method consisting of buffering the cathode pH < 5 with acetic acid. The numerical

model predicts fairly well the experimental results. The model can therefore be used

as a predictive tool to forecast the results and to design and optimize experimental

procedures.

Results suggest that for the case of the precipitation/dissolution reaction of the

minerals in the system, the assumption of local chemical equilibrium may not be

accurate. This encourages the authors to further develop the model to include

kinetically controlled reactions as a future work.
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Appendix

Discretization of the Diffusion and the Generation Terms
of the Nernst–Planck Equation

For the discretization of the term describing the diffusive transport, the strong

formula is multiplied by the arbitrary weight function w to construct the weak

formula, and integrated over the length of the element, i.e., 0 < x < Le, where Le is
the distance between two consecutive nodes limiting the eth one-dimensional

element. The integration-by-parts technique is used leading to

ðLe
0

w
∂
∂x

EθDi
∂ci
∂x

� �
dx ¼ wEθDi

∂ci
∂x

� �Le
0

�
ðLe
0

∂w
∂x

EθDi
∂ci
∂x

dx, ð13:36Þ

which, by substitution of the FEM terminology described in Eq. (13.20), becomes

ðLe
0

w
∂
∂x

EθDi
∂ci
∂x

� �
dx ¼ wTN

T
Eθ Di

∂ci
∂x

� �Le
0

�
ðLe
0

wTBTEθDiBaidx: ð13:37Þ

The arbitrary function wT, common in all terms, cancels. We can define a

nonlinear diffusion matrix Ki, diffusion,local
14 for the right-hand term, and a boundary

vector term of Eq. (13.37) as

Ki, diffusion, local ¼
ðLe
0

BTEθDiBdx ¼ EθDi

Le

1 �1

�1 1

� �
; ð13:38Þ

f i, diffusion, local ¼ NTEθ Di
∂ci
∂x

� �Le
0

¼ Ji, diffusion, local
1

�1

� �
, ð13:39Þ

where E and θ are the known average value in the finite element. This means that the

diffusion term is linearized to depend only on the concentration at the nodal points.

The local matrices, defined for each element, are subsequently assembled over

the entire domain. This procedure involves the overlapping of the matrices to form

sparse tridiagonal matrices defining the entire system. The assembled global matrix

for the diffusion term is

14 Subscript “local” indicates that the matrix is defined for one finite element.
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Ki, diffusion ¼

k1 �k1 0 � � � 0

�K1 K1 þ k2 ⋱ ⋱ ⋮
0 ⋱ ⋱ �kM�1 0

⋮ ⋱ �kM�1 kM�1 þ kM �kM
0 � � � 0 �kM kM

2
66664

3
77775, ð13:40Þ

where

ke ¼ EθDi

Le
; ðe ¼ 1, 2, . . . ,MÞ ð13:41Þ

is the mean value of the element e.
The assembled boundary vector for the diffusion term is

f i, diffusion ¼

Ji, diff
0

⋮
0

�Ji, diff

2
66664

3
77775, ð13:42Þ

which is non-zero only at the boundaries of the system.

Following the same steps than before, the generation term is multiplied by the

weight function, integrated over the domain of the element, and substituted with the

FEM terminology, leading to

gi, local ¼
ðLe
0

NTGidx ¼ GiLe
2

1

1

� �
, ð13:43Þ

which, once assembled, becomes

gi ¼
1

2

k1
k1 þ k2
⋮

kM�1 þ kM
kM

2
66664

3
77775, ð13:44Þ

where

ke ¼ Gi,eLe ; ðe ¼ 1, 2, . . . ,MÞ : ð13:45Þ
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Electrical Conditions: Constant Current vs. Constant
Voltage Drop

In electrochemically induced transport, the electric field is applied between the

electrodes to produce electrochemical reactions that are the driving force for the

overall transport process. Normally, the electric field is applied using either a

constant current density or a constant voltage difference between electrodes.

Under conditions of constant current density, the flux of ions that enter the

system can be easily related to the applied electrical current. Let us assume that

the solid matrix is a perfect electrical insulator and that the only significant

electrochemical reactions taking place are the electrolysis of water,15 namely

1

2
H2O ! Hþ þ 1

4
O2ðgÞ þ e�, ð13:46Þ

at the anode, and

H2Oþ e� ! OH� þ 1

2
H2ðgÞ, ð13:47Þ

at the cathode.

The flux of ions at the boundaries is combined with the Faraday’s law to set the

boundary conditions in the form of incoming fluxes of ions (H+ and OH� at the

anode and cathode, respectively), and outgoing fluxes of water molecules as a

consequence of the electrolysis of water.

fHþ ¼ I

F

1

0

⋮
⋮
0

2
66664

3
77775; fOH� ¼ I

F

0

⋮
⋮
0

1

2
66664

3
77775; fH2O ¼ 18� 10�6I

F

�1=2
0

⋮
0

�1

2
66664

3
77775 : ð13:48Þ

where I is the applied current density, normally in the order of� 10Am�2, and the

factor 18 � 10�6 comes for converting from units of ci to units of θ.
The cell voltage (the voltage that a multimeter would measure between the

electrodes) is a combination of different contributors; namely, the voltage drops

related to the electrochemical reactions and the voltage drops related to the ohmic

losses in the different sections of the cell (See Fig. 13.11).

The electrochemical potential for the electrolysis of water, without taking into

account the overpotential, would be

15Although competitive reactions may occur depending on the system under study.
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Eanode ¼ 1:23� 0:0592 pH þ 0:0592

4
log10 pO2

, ð13:49Þ

for the oxidation reaction at the anode, and

Ecanode ¼ �0:0592 pH � 0:0592

2
log10 pH2

, ð13:50Þ

for the reduction reaction at the cathode.

The electrochemical potential, E ¼ Eanode � Ecathode, will be in the range of 1.5–

3V, depending on the pH at the electrolyte chambers and the partial pressure of the

gases released.

The FEM presented here can be adapted to work under operation conditions of

constant voltage drop between the electrodes Δϕcell. In these conditions, in each

time step of the numerical integration, the ohmic potential drop, obtained from the

established minus the calculated electrochemical potentials, ΔϕΩ ¼ Δϕcell � E, is
set as boundary conditions in the system. In particular, as the absolute value of the

electric potential is meaningless, an absolute potential of 0 V is set to the node

corresponding to the cathode and an electric potential of the calculatedΔϕΩ is set to

the anode. The solution of the matrix system of equations constricted to boundary

conditions is made by means of a matrix substitution procedure. For example, let us

consider a matrix system with four equations in the form:

k11 k12 k13 k14
k21 k22 k23 k24
k31 k32 k33 k34
k41 k42 k43 k44

0
BB@

1
CCA

a1
a2
a3
a4

0
BB@

1
CCA ¼

b1
b2
b3
b4

0
BB@

1
CCA: ð13:51Þ

Fig. 13.11 Different contributors affecting the electric potential drop between electrodes. The

voltage drop between electrodes is a combination of the electrochemical potential E, and the ohmic

potential drop in the electrolyte. Over-potential due to different phenomena may affect the cell

voltage
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If the values a1 and a4 are given, e.g.ΔϕΩ and 0, they do not have to be computed in

the solution of the matrix system of equation, which is simplified to

k22 k24
k32 k34

� �
a2
a3

� �
¼ b2

b3

� �
þ a1

k32
k33

� �
þ a4

k32
k33

� �
; ð13:52Þ

where only the unknown values of a (namely, a2 and a3) are present at the left-

hand side.

In order to keep the forced value and, at the same time, satisfy the continuity

condition, it is necessary to complete the matrix system of equations with a vector,

r, denoted as reactive vector, as

K⋆ a ¼ b⋆ þ r: ð13:53Þ

In the FEM, r is the flux necessary to keep the corresponding forced value in any

specific node with a boundary condition. Consequently, r will be zero in all

elements except for those with a predefined forced value. In the example, it

would be

k11 k12 k13 k14
k21 k22 k23 k24
k31 k32 k33 k34
k41 k42 k34 k44

0
BB@

1
CCA

a1
a2
a3
a4

0
BB@

1
CCA ¼

b1
b2
b3
b4

0
BB@

1
CCAþ

r1
0

0

r4

0
BB@

1
CCA, ð13:54Þ

where r is calculated from

r ¼ K⋆ a� b⋆: ð13:55Þ
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Chapter 14

Electrokinetics and Zero Valent Iron
Nanoparticles: Experimental and Modeling
of the Transport in Different Porous Media

Helena I. Gomes, José M. Rodrı́guez-Maroto, Alexandra B. Ribeiro,
Sibel Pamukcu, and Celia Dias-Ferreira

14.1 Introduction

The use of granular zero valent iron (ZVI) in permeable reactive barriers (PRB)

allowed groundwater remediation for more than 20 years (USEPA 2011a), targeting

both organic and inorganic contaminants. In 1996, Lehigh University researchers

developed a method to synthesize zero valent iron nanoparticles (nZVI) using

sodium borohydride as reductant (Wang and Zhang 1997; Zhang et al. 1998).
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Since then, these nanoparticles were used with several modifications for the reme-

diation of different organic and inorganic contaminants in groundwaters and soils

(Gomes 2014). The use of these nanomaterials in pilot and full-scale applications in

the last decade is expressive. In November 2011, there were 36 projects at pilot and

full scale (11 were Superfund sites) in the United States (USEPA 2011b). There

were also 15 pilot tests in Europe (Mueller et al. 2012) and full-scale applications in

Italy, Germany, Czech Republic, and Slovakia (Rejeski et al. 2014). Most of them

target soil and groundwater contamination with volatile organic compounds (per-

chloroethylene—PCE, trichloroethylene—TCE, and corresponding daughter prod-

ucts, perchlorate, polychlorinated biphenyls (PCB), and other organochlorines, as

well as diesel products), in sandy or silty sandy soils. There are also applications in

glacial till soils and unconsolidated sediments (USEPA 2011b).

Iron nanoparticles have some particular advantages when compared to the

granular ZVI, such as high reactivity, lower degradation times, generation of less

toxic intermediate products, and also the possibility of injection as aqueous slurries

(Gomes 2014). However, the mobility of nZVI in the subsurface is frequently less

than a few meters, as several field applications show (Elliott and Zhang 2001;

Quinn et al. 2005; Henn and Waddill 2006; Zhang and Elliott 2006; Su et al. 2012),

ranging from 1 m (Kocur et al. 2014) to 6–10 m (Zhang and Elliott 2006). This is

due to Brownian motion, the density of iron, long-range magnetic attractive forces,

and groundwater ionic strength, which increase the aggregation of nZVI (Phenrat

et al. 2007). There are numerous studies on the transport of iron nanoparticles,

mostly in column tests with sand (Hydutsky et al. 2007; Kanel et al. 2007; Phenrat

et al. 2009a; Raychoudhury et al. 2010; Saleh et al. 2008), glass beads

(Jiemvarangkul et al. 2011; Kanel et al. 2007; Lin et al. 2010; Saleh et al. 2008),

and model soils (He et al. 2007; Schrick et al. 2004; Yang et al. 2007). Studies using

high concentrations representative of field applications show that, although stabi-

lized nanoparticles are more mobile than bare nZVI (Jiemvarangkul et al. 2011;

Kanel et al. 2007; Phenrat et al. 2009b; Raychoudhury et al. 2010), aggregation

remains an important process. The particle size distribution and Fe0 content of

nZVI as well as groundwater ionic strength and composition (Lin et al. 2010; Saleh

et al. 2008) can affect aggregation. The affinity with soil minerals, resulting in nZVI

deposition onto the porous matrix (Tosco et al. 2014) also limits their mobility. The

main factors that influence nZVI adsorption onto soil and aquifer materials are:

(1) surface chemistry of soil and the nanoparticles; (2) groundwater chemistry

(ionic strength, pH, organic matter content); (3) hydrodynamic conditions

(pore size, porosity, flow velocity, and degree of mixing and turbulence)

(Noubactep et al. 2012).

This chapter reports on the application of the electrokinetic process to enhance

the nZVI transport. Integrating both technologies, the role of direct electric current

would be to increase the nZVI transport into the soil for in situ transformation, and

subsequent destruction of the contaminants, instead of aiming at the removal of the

contaminants. The discussion is focused on (a) the experimental data obtained in

the different porosity media and (b) numerical model and prediction of the nZVI

assisted transport.
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14.2 Coupling Electrokinetics and Iron Nanoparticles

The use of treatment trains for the remediation of contaminated soils minimizes the

cost of achieving risk-based end points for regulatory compliance or liability

reduction (Rao et al. 2001). The general principle of treatment trains is the use of

a combination of techniques, simultaneously or in succession, to improve treatment

performance in a quicker, more efficient, and cost-effective way. Electrokinetic

remediation and nZVI were used in conjunction, both to enhance the nZVI transport

in low permeability fine-grain soils, and to degrade organic contaminants

(Table 14.1).

A direct comparison of the previous studies on nZVI-enhanced transport with

direct current (Table 14.1) is inconclusive. The studies use different experimental

conditions, such as experimental setups; soils or other solid media used; types of

iron nanoparticles; injection places (i.e., directly in the soil, anode, or cathode

compartments); value and duration of the voltage gradients applied. In general,

electrophoretic transport of the particles was predominant in sandy soil (Yang

et al. 2008; Jones et al. 2010; Chowdhury et al. 2012), while electroosmotic

transport was more important in kaolin clay and loamy sand soil (Yang

et al. 2007; Pamukcu et al. 2008).

14.3 Case Study

The experimental data were published previously by Gomes et al. (2013, 2014),

where the experimental conditions and setup are described in detail. In the exper-

iments, the transport of nZVI took place in the domain of a layer of porous solid

(kaolin and/or glass beads) saturated with an electrolyte (Table 14.2).

The experiments were performed in a modified commercial electrophoretic cell

(Econo-Submarine Gel Unit, model SGE-020) as shown in Fig. 14.1. The cell is a

rectangular translucent box 10 cm height, 40 cm long, and 23 cm width, with a

central square (20 cm� 20 cm) sample tray and a lid that covers the whole cell

(Gomes et al. 2013, 2014b). Two liquid chambers on either side of the sample tray

hold the anolyte and the catholyte, and platinum working electrodes (Fig. 14.1). In

all experiments, both chambers were filled with the same electrolyte solution (NaCl

0.001 M; volume of 650 mL each) that was also used to saturate the porous

specimen. The level of the solutions in the side compartments was held slightly

below the specimen surface, thus preventing preferential transport of nZVI through

a liquid pool over it. Compressed fiberglass wool pads, saturated and immersed in

the electrolyte solution, helped transport the migrating ions from the solution into

the specimen, and vice versa (Gomes et al. 2013, 2014b). The test media

(Table 14.2) used had different porosity and surface reactivity, ranging from glass
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beads (with particle diameter< 1 mm, previously sieved) to white Georgia kaolin-

ite clay (>2 μm). The polyacrylic acid stabilized nanoparticles (PAA-nZVI) sus-

pensions were freshly prepared before each experiment according to the method

used by Kanel et al. (2008) and had a concentration of 4 g L�1. The particle size

distribution of the nanoparticles had a mean particle diameter value of 63 nm and

the median size was 60.2 nm, based on a count of 420 particles in TEM images

(Gomes et al. 2013, 2014b). Two sets of control experiments were conducted for

each mixture under the same conditions, one without direct current but with

PAA-nZVI, and another with current but without PAA-nZVI. In the experiments

with current, a constant potential was applied for 48 h. During the experiments, the

cell was kept in a dark location to prevent iron photo-oxidation. The nanoparticle

suspension was delivered in the media using a syringe to inject 2 mL through a tube,

which allowed the suspension disperse into a pre-cut shallow channel between the

auxiliary electrodes E2 and E3 (Fig. 14.1).

Table 14.2 Experimental setup and model parameters using 0.001 M NaCl as electrolyte

Solid layer length, L: 20 cm

Solid layer area, A: 10 or 4 cm2

Number of volume elements used to represented solid column, N: 20

Electrode compartment volume, V0 and VN+1: 650 cm3

Faradaic efficiency η¼ 1

Δt: 5 s; Total duration of the experiments: 48 h

Initial mass of nZVI injected in the system: 0.008 g (2 mL of 4 g L�1 solution)

Electric potential: 5 V (experiments 5–8)

Test

number

Layer

thickness

(mm) Matrix Porosity

Moisture

content (%)

D*
nZVI

cm2s�1ð Þ
U*

nZVI

cm2V�1s�1
� �

Diffusion control tests

1 5 100 % Kaolin 0.65 60 5.9� 10�5 �1.7� 10�4

2 2 50 % Glass beads

and 50 % kaolin

0.57 30 4.6� 10�5 �1.5� 10�4

3 2 75 % Glass beads

and 25 % kaolin

0.35 30 3.9� 10�5 �0.9� 10�4

4 2 100 % Glass beads 0.20 20 1.8� 10�5 �0.5� 10�4

Enhanced transport tests

5 5 100 % Kaolin 0.65 60 1.6� 10�5 �1.1� 10�4

6 2 50 % Glass beads

and 50 % kaolin

0.57 30 2.8� 10�5 2.4� 10�5

7 2 75 % Glass beads

and 25 % kaolin

0.35 30 1.4� 10�5 2.1� 10�6

8 2 100 % Glass beads 0.20 20 4.6� 10�6 8� 10�6
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14.4 Theoretical Formulation of the Model

Until now, the available analytical models of the nanoparticle transport in the

literature included only the electrophoretic effect that mostly takes place in sands

(Jones et al. 2010; Chowdhury et al. 2012). This generalized physicochemical

model has been developed to describe the electrically induced transport of nZVI

particles through different types of media with varying porosity and surface reac-

tivity (Gomes et al. 2015). The model is more detailed, including the fundamental

Fig. 14.1 Modified electrophoretic cell used in the experiments (Gomes et al. 2013, 2014b). E1 to

E5 are auxiliary platinum electrodes and represent the locations of the solid samples for iron

quantification
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processes, and its numerical solution offers a reliable prediction of the nZVI

transport.

The model operates in two steps: first the kinetic process is simulated by

integrating forward in time the one-dimensional transport equations and the elec-

trochemical reactions at the electrodes; and second the chemical equilibriums are

reestablished before the next step of integration. This is done because chemical

equilibriums are considered instantaneous when compared with the transport time.

The mass conservation equation for ith species in a jth volume element, including

electrochemical reactions, is described by:

Vj
dcij
dt

� �
¼ Ni, j�1 þ Ni, j

� �
Aþ RiVj ð14:1Þ

where Vj is volume of water in jth cell (cm3), cij is the concentration of ith species
(ions and nZVI) in the aqueous phase of the jth volume element (mol cm�3), t is the
time, Ni, j�1 and Ni, j the mass flux of ith species from ( j� 1)th into jth element

volume and from jth into ( j+ 1)th volume element (mol cm2 s�1), A cross-sectional

area of the domain (cm2), and Ri the reaction rate for i species. With respect to the

chemical reactions, only the chemical equilibria and the electrochemical reactions

at the electrodes are considered (Gomes et al. 2015).

A coupled system of Nernst–Planck equations is the foundation of the transport

model, accounting for the mass balance of the ionic species in a fluid medium when

diffusion and electromigration are considered. In the case of charged nZVI (i.e., the

nanoparticles are stabilized with polyacrylic acid—PAA, which gives them a

negative charge), diffusion and electrophoretic terms have to be considered. The

electroosmotic flow is always included.

Therefore, the flux of any chemical species or charged particles I from a jth

volume element of the system can be expressed as:

Ni ¼ �D*
i∇ci � U*

i ci∇ϕ� keci∇ϕ ð14:2Þ

where (subindex j is omitted), ci is the molar concentration, D�
i is the effective

diffusion coefficient, ∇ϕ is the electrical potential, ke is the electroosmotic

permeability coefficient, and Ui
* is the effective electrophoretic mobility for

nZVI-charged particles or effective ionic mobility, estimated by the Einstein–

Nernst relation for ions (Newman 1991):

U*
i ¼

D*
i ziF

RT
ð14:3Þ

where R is the ideal gas constant, F is the Faraday constant, zi is the ionic charge of
the species, and T is the temperature (K ), assuming a constant room temperature of

25 �C (Gomes et al. 2015). The value of the electroosmotic permeability usually is

in a very tight range of 10�5 to 10�4 cm2 s�1 V�1 (Mitchell 1993). Electroosmotic
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permeability and mobility can be combined for a new effective mobility in the

porous medium, U� �
i :

U**
i ¼ U*

i þ ke ð14:4Þ

The mass balance equations for nZVI and the ionic species are integrated over the

one-dimensional region limited by the electrodes compartments to obtain the

concentration profile for a given set of experimental conditions (Gomes

et al. 2015). Due to the negative charge of polyacrylic acid-coated nZVI, the sign

of electrophoretic term is negative, whereas the electroosmotic term is positive,

resulting in a reduced effective mobility.

The principal chemical reactions that need to be considered are the electrochem-

ical reduction and oxidation of water at the electrodes, so the generation term rate is

not included in the continuity equation for the porous specimen. The Nernst

equation is used to calculate the redox potential for each electrochemical half-

reaction, as:

E ¼ E0 � RT

υF
ln Q ð14:5Þ

where Q is the reaction quotient, defined as the product of the activities of the

chemical species to the power of their stoichiometric coefficients, for

nonequilibrium conditions. In the special case that the reaction is at equilibrium,

the reaction quotient is equal to the equilibrium constant at 25 �C (Gomes

et al. 2015). υ in this case is the stoichiometric coefficient of the electrons in the

redox equation, i.e., the number of electrons exchanged during the oxidation or

reaction process. E (V) is the redox potential in the reduction sense, and E0 (V) is

the standard redox potential, which is measured under standard conditions which

are 25 �C, 1 M concentration of each ion participating in the reaction, a partial

pressure of 1 atm is assigned for each gas that is part of the reaction and metals in

their pure state (Chang and Overby 2011).

The cations Na+ are attracted to the cathode, but the redox potential of alkali

metals is too high to be competitive to that of water. Consequently, it seems

reasonable to assume that only water reduction is taking place at the cathode.

Thus, the only electrochemical half-reaction at the cathode is:

2H2Oþ 2e� ! 2OH� aqð Þ þ H2 gasð Þ E0 ¼ �0:828V ð14:6Þ

On the other hand, anions are attracted to the anode, where oxidation reactions

occur. However, in this case, only water oxidation is expected. Therefore, the

possible half-reaction at the anode is given by (14.7):

2H2O ! 4Hþ aqð Þ þ O2 gasð Þ þ 4e� E0 ¼ �1:229V ð14:7Þ
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The electrochemical reactions were included in the mass balance equations of

anode and cathode compartments as given in (14.8) and (14.9):

V0

dc10
dt

� �
ER

¼ I

F
η ð14:8Þ

VNþ1

dc2Nþ1

dt

� �
ER

¼ 1

F
η ð14:9Þ

where V0 and VN+1 are the volumes of electrolyte in the anode and cathode

compartments, c10 and c2N+1, H
+ and OH� concentrations generated there by

electrochemical reactions, I is the current intensity, F, the Faraday’s constant, and
η the Faradaic efficiency (Gomes et al. 2015).

At each time step, after completing the transport calculations, the concentration

corresponding to the chemical equilibrium of every species is calculated from the

last value obtained from the transport. Therefore, in every volume element is solved

a system of nonlinear equations comprising the mass balances, the electrical

neutrality condition, and the equilibrium mass action equations. The extremely

rapid reactions between protons and hydroxyls to form water and reverse are

considered. The chemical equilibrium of water is:

Hþ þ OH�ÆH2O Kw ¼ Hþ½ � OH�½ � ¼ 10�14 ð14:10Þ

In the experiments using NaCl (0.001 M) as electrolyte, as no equilibrium process

affects Cl� and Na+, the conservation equations for them are trivial.

14.5 Transport of the Iron Nanoparticles

The experimental results showed that, in general, higher concentrations of iron

across the test bed (in samples over the auxiliary electrodes E1–E5) were measured

when a direct current was applied (Fig. 14.2), indicating that the nZVI transport was

enhanced in comparison with diffusion (Gomes et al. 2013). The model results

reproduce in a satisfactory way the nZVI concentration profiles, as shown by the

lines in Fig. 14.2 (Gomes et al. 2015). In some cases, a substantial fraction of the

nZVI tends to aggregate when the concentration is high relative to the available

pore volume, becoming immobile. Considering a ratio between nZVI out of the

injection point and the injected nZVI, in experiments 2 and 4 only about 19 % and

8 % of the injected nZVI remained mobile over the experiment, respectively

(Gomes et al. 2015).

In all the experiments with glass beads, there was a well-defined peak of

concentration at E3 (i.e., practically the injection point). This was probably due

to the nZVI aggregation, or to the fast corrosion of the iron nanoparticles, or to both
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phenomena. It has been previously shown that at high particle concentrations

(1–6 g L�1) nZVI have a greater tendency for agglomeration (Phenrat

et al. 2009a). When nZVI aggregate and form clusters larger than the soil pores,

their transport becomes restricted (Reddy et al. 2011). Changes to the nZVI

mobility can be due to volumetric expansion with corrosion (14.11 and 14.12):

2Fe0sð Þ þ 4Hþ
aqð Þ þ O2 aqð Þ ! 2Fe2þaqð Þ þ 2H2O lð Þ ð14:11Þ

Fe0sð Þ þ 2H2O lð Þ ! Fe2þaqð Þ þ H2 gð Þ þ 2OH�
aqð Þ ð14:12Þ

The volume of corrosion products (Fe hydroxide or oxide) is larger than that of the

original metal (Fe0) and these products are likely to contribute to porosity loss,

promoting simultaneously particle agglomeration (Noubactep et al. 2012).

PAA-nZVI did not move into the aqueous phase in the electrode chambers,

except for the cathode chamber in the enhanced transport tests with 100 % kaolin

Fig. 14.2 Iron concentrations across the electrophoretic cell in the experiments compared with the

model results for the porous media tested (modified from Gomes et al. 2013 and Gomes et al. 2015)
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(final concentration of 0.43 mg L�1) and 100 % glass beads (0.74 mg L�1 in the

anode compartment and 0.09 mg L�1 in the cathode) (Gomes et al. 2013). It appears

that the EOF and electrophoresis compete, resulting in the prolonged presence of

iron in the pores and potential capture on the clay surfaces. Other experimental

results showed that there was greater deposition of nZVI onto clay minerals

compared to similar sized silica fines due to charge heterogeneity on clay mineral

surfaces (Kim et al. 2012).

The pH and ORP conditions measured during the experiments were favorable to

the nZVI oxidation. Also, the initial conditions were not advantageous to the

mobility of PAA-nZVI because low pH (such as the kaolin pH¼ 4.97) increases

both the deposition of nZVI in clay and its aggregation (Kim et al. 2012). Basically,

the presence of clay appear to push the ORP up to more oxidizing conditions, while

over time the ORP values decreased, favoring reducing conditions in all tests

(Fig. 14.3). In the experiments with more percentage of glass beads, and in

particular in the experiment 4, there is an accentuated drop in the ORP values in

the electrodes E1, E2, and E3, due to the injection and fast electrophoretic transport

of PAA-nZVI in the absence of clay (Gomes et al. 2013). The system attains

equilibrium with more or less uniform and constant ORP after 15 h. The typical

profile of electrokinetic treatments of a pH front increasing from the anode to the

cathode was not observed in the media in the experiments (Fig. 14.4), which can be

attributed to the small values of current density applied, or to the absence of the

physical conditions for fast transport of H+ and OH� from the electrode compart-

ments into the media (Gomes et al. 2013). Only when using 100 % glass beads, the

Fig. 14.3 Variation of the oxidation-reduction potential across the electrophoretic cell (horizontal
axis), during the experiments (vertical axis), with the different porous media (Gomes et al. 2013).

(a) 100 % kaolin; (b) 50 % kaolin and 50 % glass beads; (c) 25 % kaolin and 75 % glass beads;

(d) 100 % glass beads
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effect on pH from the injection of the PAA-nZVI was noticed, particularly in E2,

E3, and E4, in which pH values higher than 8 were measured.

The model predicts very low effective mobility values in the porous medium

(Ui
**, Table 14.2) as a result of the opposing transport directions between the

electroosmotic advection and the electrophoretic migration of the negatively

charged nanoparticles (Gomes et al. 2015). This effect manifests itself as higher

concentrations close to the injection point in most of the experiments. Thus, if the

nanoparticles could be stabilized with a surface modifier to give them a positive

charge, the nZVI-effective mobility could potentially be increased. However, the

probability of the positively charged particles be attracted to the soil particle

surfaces, particularly clays, could increase. Also, the use of stabilizers without

charge could enhance the electroosmotic transport of the iron nanoparticles.

The transport model has still some limitations. The surface charge of PAA will

be changed according to the surrounding pH because of protonation or

deprotonation. Therefore, the transport is highly dependent on the surrounding

pH. The pH evolution in the different porosity media was included in the model

when pH decreases it is expected both electrophoretic mobility and electroosmotic

coefficients to decrease too. Both effects counterbalance inside the global mobility

U**, this is why we have used only an average value U** along the experiments,

because additional experimental information would be necessary. Further research

is needed to allow the collection of experimental data of the effects of pH on

electrophoretic and electroosmotic mobilities. Then, it will be possible to include

the pH effect onU** in a more complex and realistic model. Other issues such as the

striping of the polymer from the nanoparticle surface and the aging of the

nanoparticles still need further research in order to improve the model.

Fig. 14.4 Variation of the pH across the electrophoretic cell (horizontal axis), during the

experiments (vertical axis) in the different porous media (Gomes et al. 2013). (a) 100 % kaolin;

(b) 50 % kaolin and 50 % glass beads; (c) 25 % kaolin and 75 % glass beads; (d) 100 % glass beads
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14.6 Conclusions

The use of direct current to enhance the nanoparticles transport also prevents or

hinders their aggregation, increasing their mobility, even using high concentrations,

typical of field applications. However, the opposing directions of electrophoretic

transport and the electroosmotic advection still produces limited nZVI transport.

Further improvement could be achieved by using neutrally charged nanoparticles

that could be transported by electroosmotic advection. The use of positively

charged nanoparticles is not recommended, due to the attraction to the surface of

soil particles (which are negatively charged). The use of polymers that increase the

repulsion between nanoparticles (inhibiting aggregation) and between

nanoparticles and surfaces (inhibiting attachment) aims at enhancing the

dispersibility and transport of nZVI through the porous medium. However, despite

the use of polyacrylic acid to modify the surface, an important aggregation of nZVI

is observed in the experiments when the particles are allowed to diffuse into a

porous medium from an injection point. The higher the nZVI concentration is in the

matrix, the higher the aggregation; therefore, low concentrations suspensions must

be used for successful field application.

A detailed physicochemical model that included advective, diffusive and elec-

trophoretic transport, electrolyte-specific electrochemical reactions, as well as mass

balances, was developed and solved. The model predictions agreed well with the

experimental findings of the nZVI distribution in various porous systems, as well as

the pH evolution in the anolyte and catholyte in the enhanced transport and

diffusion tests. However, further research and experimental data are needed to

incorporate in the model the striping, protonation or deprotonation of the

nanoparticles coating, and the aging of the nanoparticles.
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Chapter 15

Feasibility Study of the Electrokinetic
Remediation of a Mercury-Polluted Soil

Ana Garcı́a-Rubio, Marı́a Villén-Guzmán, Francisco Garcı́a-Herruzo,

José M. Rodrı́guez-Maroto, Carlos Vereda-Alonso, César G�omez-Lahoz,

and Juan Manuel Paz-Garcı́a

15.1 Introduction

It is widely accepted that the electrokinetic remediation (EKR) requires the use of

some enhancements to avoid the effects induced by the electrolysis reactions that

frequently occur at the electrodes. In general, the main objectives of these enhanc-

ing techniques are to solubilize contaminants in soil keeping them in mobile states

and to control the pH within a range of values that improve the remediation

performance. One of the most typical enhancements used in electrochemical

remediation is based on reagent addition.

Regarding the selection of the enhancement reagent, some interesting papers

about the addition of different acids to the cathode have been published (Reddy and

Chinthamreddy 2004; Al-Shahrani and Roberts 2005; Pazos et al. 2009; Villen-

Guzman et al. 2014). Reddy and Chinthamreddy (2004) studied different purging

solutions for the removal of Cr (VI), Ni (II), and Cd (II) from glacial till. The results

highlighted the importance of an adequate selection of the enhancing reagent for

heavy metals removal, which depends on the contaminant characteristics and the

soil composition. Also, it should be taken into account that the in situ electrokinetic

process involves a significant quantity of enhancing solution and, therefore this

reagent should be nontoxic, effective, and economical. With respect to the acid-

enhanced EKR, it is known that weak acids present some advantages such as:

(1) organic acids are environmentally safe and biodegradable, (2) possess certain

buffer capacities, (3) can behave as complexing agents, and (4) induce small
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increases in the soil conductivity (Pazos et al. 2009; Yeung and Gu 2011). Regard-

ing comparisons between strong and weak acids, Villen-Guzman et al. (2014)

carried out a study of the results obtained for a real Pb-contaminated soil treated

by EKR enhanced with a strong and a weak acid, nitric and acetic acid respectively,

as neutralizing reagents. This study showed that the removal yield of Pb was larger

for the acetic acid even when the electric charge circulated was larger for the

nitric acid.

One of the main difficulties for a generalized use of the EKR technique is the

lack of available tools to make reliable feasibility studies. The sequential extraction

procedures (SEPs) is the most promising method for the prediction of the amount

of contaminants that will be recovered, the environmental risks remaining after

the remediation and the time and economical cost recovery for each particular

contaminated site. The most used SEPs for heavy metals in soils are the Tessier

(Tessier et al. 1979) and the BCR (Rauret et al. 2000). Several researches have used

these techniques to obtain information about the mobility of the toxic metals after

the contamination ageing (Liang et al. 2014a) or after a remediation process

(Kirkelund et al. 2010; Garcı́a-Rubio et al. 2011; Subirés-Mu~noz et al. 2011;

Liang et al. 2014b).

Usually, the feasibility of the electrokinetic design and operation requires the

studies at laboratory scale together with mathematical models and analytical pro-

cedures. However, as it is reported by some authors, the data obtained at this scale

cannot always be extrapolated and used for field applications. Although there are

some reports regarding the scaling-up processes (Acar and Alshawabkeh 1996), it is

clear that it is necessary to continue the study of this subject for a better under-

standing. Gent et al. (2004) studied the removal of chromium and cadmium from

soil at laboratory and field conditions, concluding that the process was more

efficient in the field due to the lower energy levels for higher extraction rates.

In this study, the voltage drop at the electrolytes versus the drop across the

electrodes was suggested as the main reason for these differences (Gent

et al. 2004). Lopez-Vizcaino et al. presented the results for scaling-up of EKR for

soils contaminated with phenanthrene and also found out important discrepancies

between the two scales (L�opez-Vizcaı́no et al. 2014).

This chapter is focused on the study of electroremediation of heavy metals from

a real soil. Some interesting aspects are discussed such as, the selection of an

adequate enhancing agent, the implementation of a mathematical model for a better

understanding of the experimental results, and the differences between two oper-

ating scales of EKR.

15.2 Case Study

The Almaden mining district, located in south-central Spain, constitutes one of the

major concentrations of mercury on Earth. Before mining, it is estimated to contain

about a third of the known global mercury resources (250,000 t) (Hernández
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et al. 1999; Garcı́a Herruzo et al. 2010). Exploitation of this deposit and the mining-

metallurgic activity has lasted over 2000 years (from S.II b.C. to 2003). Today,

once the exploitation and processing of ore has been stopped, this area could be

regarded as one of the most mercury-polluted places on the planet (Higueras

et al. 2006). As could be expected, the soils of the Almaden district are highly

contaminated, with some zones displaying very high values of mercury concentra-

tions, well above 1000 mg kg�1 (Higueras et al. 2003; Martı́nez-Coronado

et al. 2011). Moreover, preliminary studies (Higueras et al. 2006) have revealed

high levels of mercury absorption by plants. Higueras et al. (2012) measured the

concentration of mercury in the leaves of the olive trees from Almaden area

(Fig. 15.1), and this is above from olive trees from uncontaminated areas. Addi-

tionally, slightly high values in the hair from inhabitants of Almaden were found

(Dı́ez et al. 2011). These facts highlight a certain health risk and the need for soil

remediation.

The geological dispersion is probably due to erosion of minerals such as

cinnabar. Taking into account the low solubility of HgS (10�54 mol dm�3)
(Palmieri et al. 2006), it is predictable that this Hg is mainly associated with the

less mobile fractions of the speciation analysis (Fernández-Martı́nez et al. 2006;

Subirés-Mu~noz et al. 2011). Hg with origin in anthropogenic dispersion is gener-

ated by the mining activity (transport and stockpiling, and metallurgical activities),

and will probably be associated with the semi-mobile fractions (Fernández-Martı́-

nez et al. 2006).

Nowadays, it is well known that the risk assessment of heavy metals depends on

the mobility and bioavailability of these metals, and not only on the total concen-

tration (Tack and Verloo 1995; Biester and Nehrke 1997; Filgueiras et al. 2002;

Issaro et al. 2009). In turn, the distribution of the metals depends on the association

form in the solid phase to which they are bound (Ure et al. 1993; Filgueiras

Fig. 15.1 Contaminated area
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et al. 2002). The target of the most used fractionation analyses is not to identify nor

quantify one or more individual chemical species (Templeton et al. 2000; Issaro

et al. 2009), but rather a distribution of the total content of the element among

different fractions according to the behavior of the toxic element upon the addition

of an specific chemical agents (Tack and Verloo 1995; Filgueiras et al. 2002).

The soil samples used for this study were collected from a zone close to the

metallurgical plant of Almadenejos in the Almaden mining district. Table 15.1

shows the properties of the soil sample.

The results indicate that this soil has low organic matter content (<1 %), is

slightly basic, with a high buffer capacity and a medium-low cation exchange

capacity (similar to the one of a kaolinite). The hydraulic conductivity value is

lower than those corresponding to a sandy-loam soil (according to International

Soil Science Classification), and therefore the EKR is probably more suitable than

other soil remediation techniques, such as pump and treat or flushing.

As can be seen, there are very large concentrations of Fe, (45,900� 1700) mg

kg�1, and of Hg, (6100� 800) mg kg�1, whereas other metals of environmental

relevance are Zn (96 mg kg�1) and Cu (31 mg kg�1). As was mentioned previously,

besides the total concentration the mobility is also important for the risk assess-

ment. In order to classify the chemical metal into different fractions according to

their difficulty to be mobilized, the BCR fractionation was performed. As can be

seen in Fig. 15.2, except for mercury, almost no metal is present in the weak acid

soluble fraction probably because these metals have already been washed down by

the rainwater. Around 40 % of mercury is present in the reducible fraction, probably

associated with Fe/Mn oxides, and another 40 % is present in the oxidizable

fraction, probably as sulfides, whereas the remainder is found under the residual

form. Thus, an important environmental risk can be associated with the presence of

this large amount of Hg, since significant amounts are present in the most mobile

fractions.

Table 15.1 Properties of the soil sample

Moisture <1 % Concentration (mg kg�1)

Bulk density (g cm�3) 1.13 SO4
2� 92� 6

Porosity (%) 36 CO3
2� 68,000� 4000

Solid density (g cm�3) 2.24 Hg 6100� 800

Hydraulic conductivity (cm s�1) 2.1� 10�6 Fe 45,900� 1700

Organic matter (%) 0.90 Zn 96� 10

pH (1/2.5 w/w) 8.5 Cu 31� 8

Particle size-distribution (%) Sand 64.6 Pb 29� 5

Silt 30 Cd 0.60

Clay 5.4 As 17

CEC (meq/100 g) 14.0� 1.2 Ca 68,000

Mg 7000
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15.3 Electroremediation Experiments

Electrokinetic experiments, with two different enhancing reagents, were carried out

at different scales to study the effectiveness of the scaling-up. It should be

highlighted that all the assays were performed at a constant current density. Thus,

the divergences that are usually obtained when using a constant voltage drop were

avoided. Most authors working this way have found that when the assays are carried

out at a constant electric potential drop, the current intensity could drop or increase

depending on the soil conductivity which is changing during the experiments. The

reliability of these constant-current experiments is always checked by the compar-

ison of the results obtained for duplicated experiments.

Previous to the electrokinetic experiments, a kinetic study in batch reactor was

performed to determine both the adequate extractant agent and its optimal concen-

tration (Subirés-Mu~noz et al. 2011). The best results to remove mercury from the

soil were obtained for iodide. When the soil presents enough hydraulic conductiv-

ity, a possible in situ technique is the soil flushing (Roote 1997; Environmental

Management and Inc 1997; Garcı́a-Delgado et al. 1998). We have also explored the

use of different extracting solutions for the soil remediation using soil flushing, and

found that, when iodide was the extracting reagent, 35 % of the total mercury was

removed from the soil by this technique (Subirés-Mu~noz et al. 2011).
The experimental system used for the EKR essays is presented schematically in

Fig. 15.3. Details of the experimental device are shown elsewhere (Garcı́a-Rubio

et al. 2011).

In both scales, all the mercury removed was recovered at the anode (30–35 % of

mercury from initial soil); this indicates that the formation of negatively charged

complexes (HgI4
2� and HgI3

�) is the main dissolved species of mercury. The

possible mercury-iodide complex formation equilibria are:
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Hg2þ þ I�! HgIþ log K1¼ 12.87

Hg2þ þ 2I�! HgI2 aqð Þ log K2¼ 23.82

Hg2þ þ 3I�! HgI3
� log K3¼ 27.60

Hg2þ þ 4I�! HgI4
2� log K4¼ 29.83

According to the formation constants, HgI4
2� and HgI3

� complexes would

predominate; therefore, Hg transport by electromigration will take place mainly

for these species.

For both scales, the BCR results before and after soil treatment show two main

issues: first, the most important mercury removal takes place for the reducible

fraction, and second, the weak acid soluble fraction of mercury increases with

respect to the initial soil (Figs. 15.4 and 15.5).

The same results were observed when the soil was treated by flushing. It entails

an increase of the environmental risk because the WAS fraction is the most mobile.

This fraction is easier to be treated by another remediation technique, such as acid-

enhanced EKR. Although, the kinetic studies showed that no mercury was extracted

by the nitric acid from the initial soil, after iodide-enhanced EKR, it is possible to

recover the metal present in the WAS fraction using this acid after iodide-enhanced

EKR, that will be denominated AAI EKR.

Figure 15.6 shows the percentage of mercury in each fraction of the BCR in soil

before and after AAI EKR experiments. In this figure, it can be observed that further

removals can be obtained with this technique, with an important redistribution of

the BCR fractions, that indicates that an important abatement of the environmental

risks are achieved with respect to the single iodide-enhanced EKR.

In the laboratory scale with nitric acid experiments, most of the mercury

recovered (25 % relative to the mercury content after treatment with iodide) was

Fig. 15.3 Outline of the experimental system
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collected at the anode. Therefore, also for this acid-enhanced EKR, the iodide still

present in the soil introduced during the iodide-enhanced EKR formed negatively

charged complexes with mercury.

In the semi-pilot scale experiments, the percentage of mercury extracted was not

more than 5 %, however, after this treatment, a change in the distribution of

0

20

40

60

80

100

Initial Iodide final
%

 H
g 

in
 t

he
 s

oi
l 

Residual Oxidizable

Reducible WAS

Fig. 15.4 Comparison of

the BCR distribution of Hg

in initial soil and soil after

EKR laboratory scale with

iodide

0

10

20

30

40

50

60

70

80

90

100

Initial 1 2 3 4 5 6 7 8 9 10

%
 H

g 
in

 t
he

 s
oi

l

nº slice from the anode

WAS Reducible Oxidizable Residual

Fig. 15.5 Comparison of the BCR distribution of Hg in initial soil and soil after EKR semi-pilot

scale with iodide

15 Feasibility Study of the Electrokinetic Remediation of a Mercury-Polluted Soil 301



mercury in soil was observed: the mercury associated with the more mobile fraction

decreased (Fig. 15.7). In addition, there was an accumulation of mercury in the soil

section adjacent to the anode and a decrease of its concentration in the central
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sections; this confirms that the iodide present in the soil continued to form nega-

tively charged complexes with mercury.

As can be seen from the different results, the conclusions about the phenomena

taking place during the experiments are similar for both scales. In order to

obtain further information about the scaling-up, Villen-Guzman et al. (2015)

presented a simple model for the prediction of the energy requirements of

different scales for a lead contaminated site, obtaining satisfactory results. In that

study, it was defined a specific-energy parameter based on the amount of metal

mobilized and the maximum that can be removed, which resulted to be scale

independent. When this concept was applied to the case of Almaden soil, also

similar values of specific energy were obtained for the two scales:

EHg¼ 590� 130 kJ/kg and 390� 90 kJ/kg for the lab and semi-pilot scales,

respectively. These results indicated this specific-energy depends on the target

metal to be recovered, and it is quite similar for mercury and the experimental

conditions of the two scales essayed.

The specific-energy requirements for the Hg-contaminated site were much

lower than those obtained for the Pb-contaminated site. These differences

could be due to the fact that, for the Pb-contaminated case, a large fraction of the

electric current is dedicated to the transport of protons, which present a large

concentration, as expected for an acid-enhanced EKR. Moreover, an important

amount of protons are dedicated to the dissolution and mobilization of other

alkaline species different from the target contaminant. Instead, for the iodide-

enhanced remediation, the H+ and OH� ions generated at the electrode reactions

are neutralized and consequently, a larger fraction of the current is dedicated to the

transport of iodide and the iodide complexes of mercury, making this kind of

remediation more energy efficient.

15.4 A Tool for Predictions: Mathematical Model

A mathematical model has been developed to predict the results that would

be obtained in future essays or field scale, following the one described by

C. Vereda (Reddy and Cameselle 2009). The transport equation, when the porosity

and water content in the soil remains constant during the electrokinetic treatment is

given by:

dCk

dt
¼ �∇Jk þ Rk

where Jk, Ck, and Rk are the ionic flux, the concentration, and the generation,

respectively, per volume unit of the kth ion.

The ionic flux is due to the electromigration, electroosmotic phenomena, and

diffusion. No advection is included because in laboratory tests advection was
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avoided. Therefore, assuming that for the transport processes only the first two

phenomena are significant, the ion flux is given by:

Jk ¼ �zkCku
*
kΦe � keCkΦe

where the terms on the right correspond, respectively, to the flux due to

electromigration and the electroosmotic flux. Here, zk is the charge of the kth ion,

uk
* is its electrochemical mobility, ke is the electroosmotic permeability of the soil,

and Фe is the electric potential gradient.

The analytical simultaneous solution of these equations is difficult to obtain;

therefore, it is obtained numerically. To achieve this, the model is divided into two

parts: one for the equations of transport of ions (∇Jk) and the second part for the

equations for equilibria of the reactions (Rk) (Wilson et al. 1995).

(1) Transport equations—The variation of the concentration of each ion, due to

electromigration and electroosmotic flow, in each one of the sections into which the

soil column is divided, is:

ΔVW

dCik

dt
¼ QMik � QMi�1k þ Ak*osm

ΔV
L

Ci�1k � Cikð Þ for k ¼ 1, 2, 3, . . .

where ΔVW is the volume of water in the ith cell, A is the area of the cross section of

the column, k*osm is the electroosmotic effective permeability, ΔV is the electrical

potential drop through the soil, and Cik is the concentration of the kth ion in the ith
cell. QMik is the molar flow due to the electromigration of the kth ion between the

cells i and (i+ 1):

QMik ¼ �I
zkF

λk CikS zkð Þ þ Ciþ1kS �zkð Þ½ �
Ki

for 0 � i < N

where F is the Faraday constant (96,500 C/mol e�). The second fraction is the

transport number for the kth ion between the cells i and i+ 1 (tk), where the

denominator is the conductivity Ki at the boundary between this two cells.

The boundary conditions in this study are given in the compartments of the

electrodes. At the cathode, water reduction takes place; therefore, the generation of

hydroxyl ions must be taken into account in the mass balance in this compartment

(i¼N+ 1).

Cathode! i ¼ N þ 1

VNþ1
dCNþ1k

dt
¼ �QMNk þ Ak*osm

ΔV
L

CNk for k 6¼ OH�

VNþ1
dCNþ1k

dt
¼ �QMNk þ Ak*osm

ΔV
L

CNk þ I

F
1� nrð Þ fork ¼ OH�

VNþ1
dCNþ1k

dt
¼ �QMNk þ Ak*osm

ΔV
L

CNk þ nr
I

zkF
for k ¼ anions of the

acid used in the enhanced

EKR
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where I/F is the generation of hydroxyl ions, and nr is the ratio of hydroxyl ions

neutralized.

Analogously, at the anode, the oxidation of water takes place, and therefore the

generation of protons should be taken into account in the mass balance in that

compartment (i¼ 0).

Anode! i ¼ 0

V0

dC0k

dt
¼ QM0k þ Ak*osm

ΔV
L
�C0kð Þ for k 6¼ Hþ

V0

dC0k

dt
¼ QM0k þ Ak*osm

ΔV
L
�C0kð Þ þ I

F
1� nr0ð Þ for k ¼ Hþ

V0

dC0k

dt
¼ QM0k þ Ak*osm

ΔV
L
�C0kð Þ þ nr0

I

zkF
for k ¼ cations of the base

used in the enhancedEKR

where I/F is the generation of protons, and nr’ is the ratio of protons neutralized.

Finally, concentrations in the next increment of time (t¼ t+Δt) are calculated as
follows:

Cik tþ Δtð Þ ¼ Cik tð Þ þ dCik

dt
tj Δt

(2) Chemical Equilibria—The simplest model considers that mercury is present

in the soil as mercury hydroxide (Hg(OH)2). Also the presence of calcium carbon-

ate, which acts as a buffer, is included because the soil does not undergo changes in

the pH values after electrokinetic treatment. Therefore, it is taken into account the

balance of water, formation of complex equilibria, the equilibrium carbonate-

bicarbonate (since the pH value is above 9 the bicarbonate-carbonic equilibrium

is neglected) and the balance of the possible precipitation reactions (calcium

carbonate, mercury hydroxide, and mercury iodide). All these equations can be

arranged in a matrix for the solution through the numerical Newton–Raphson

method (Press et al. 1992). The arrangement of variables and equations are

shown in Fig. 15.8.

This system is resolved as follows:

(a) Concentrations in the aqueous phase of the C species are calculated from the

concentrations of the master species (Xa, independent variables), the stoichiometric

coefficients (Ea), and the equilibrium constants (Ka).

log Cað Þ ¼ logKa þ Ea � log Xað Þ

(b) Mass balances are obtained when the product stoichiometric coefficients by

the corresponding concentration in aqueous phase is added in columns. Also the

independent variables of each precipitate must be multiplied by its stoichiometric

coefficient. Instead of the mass balance for protons, the system is defined by the
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introduction of the electroneutrality condition, which provides a more stable algo-

rithm. The Newton–Raphson method has to reset the residue of each balance by

changing of the independent variables X. In matrix form, it is

Ea
T
HZ � Ca þ E p

T
HZ
� X p � T ¼ 0 ¼ f vec

where Ea
T
HZ andEp

T
HZ are the transposed matrixes of EaHZ and EpHZ, EaHZ and EpHZ

are Ea and Ep changing protons column with the electrical charge column.

(c) Finally, the saturation indexes of each precipitated species are calculated.

When a precipitated species is present, the corresponding value of saturation index

is appended to the matrix of the residues for the Newton–Raphson method. The sum

over the row of the precipitated species of the product of the stoichiometric

coefficients corresponding to the precipitates (Ep) and the logarithm of the

corresponding values of the concentrations of the “master species” minus the

logarithm of the corresponding solubility product constant. The saturation coeffi-

cient must be zero if the precipitate is present and negative if it is not.

SI ¼ E p � log Xað Þ � logK p ¼ f vec
¼ 0 if there is precipitate

< 0 if there isn0t precipitate

�

This mathematical model has been done to predict the results of semi-pilot exper-

iments. The initial Hg concentration to model is about 42 mmol Hg L�1. This
concentration is obtained from the 31.4 % of the initial mercury in the soil, treating

it as mercury mobile in the soil because this is the recovered mercury in laboratory

tests. The Fig. 15.9. shows the mercury recovered experimentally (dots) and using

the model (curve) versus time. As can be seen, the model predicts satisfactorily the

experimental results.

Fig. 15.8 Outline of the

arrangement of equations

and variables of the model
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Also, the results obtained from lab essays, such as acid and base consumption at

the electrodes, the variation of the potential and the concentration of mercury in the

sections of the soil column when the test is ended, were very similar to the model

results.

15.5 Conclusions

The results are similar for laboratory and semi-pilot scale. In both cases, for those

experiments using acid after iodide-enhanced experiments (AAI EKR), 35 % of

mercury in the soil was recovered. An important redistribution of the remaining

mercury among the different BCR fractions is also observed, which indicates that

the AAI achieve an important decrease of the mobile mercury with respect to the

use of the iodide-enhanced EKR alone. The scaling-up was also studied applying a

simple model for the prediction of the energy requirements. The specific-energy

parameter defined is based on the amount of metal mobilized and the maximum

recoverable. This amount was obtained from a sequential extraction procedure

(BCR). Similar values of this specific-energy were obtained for the two scales

studied, so it was found to be scale independent. Therefore, it can be used for the

scaling-up calculations.

In this study, the importance of using simple analytical characterization tech-

niques together with mathematical models were highlighted. These tools are useful

for the prediction of the amount of metals recovered, the energy consumption at a

full-scale EKR, and the risk abatement achieved.
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Part V

Coupling Electrokinetic Process with Other
Technologies to Enhance Performance and

Sustainability



Chapter 16

Phytoremediation Coupled to
Electrochemical Process for Arsenic
Removal from Soil

Paula R. Guedes, Nazaré Couto, Alexandra B. Ribeiro, and Dong-Mei Zhou

16.1 Introduction

16.1.1 Background

Mining industries produces tons of wastes and tailings that needs to be disposed of

or, alternatively, gets deposited at the surface. This represents pollution sources that

may directly affect loss of cultivated land, forest or grazing land, and the overall

loss of production (Wong 2003) and indirectly promote water pollution and silta-

tion of rivers that will eventually lead to the loss of biodiversity, amenity, and

economic wealth (Bradshaw 1993). One intrinsic problem of mining contamination

is that pollution may persist for hundreds of years after the cessation of mining

operations (Nagajyoti et al. 2010).

Arsenic (As) is ubiquitous in the environment and highly toxic to all life forms.

It is a crystalline “metalloid,” a natural element with features intermediate between

metals and nonmetals, occurs naturally as an element, ranks as the 20th most

occurring trace element in the earth’s crust, 14th in seawater, and 12th in the

human body (Mandal and Suzuki 2002). Soil deterioration by As contamination
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may result in high exposure for human body through soil ingestion and the food

chain. Therefore, there is the need to remediate soil contaminated by As.

EK process is based on the application of a low intensity DC or AC current

aiming to improve the mobilization of contaminants. When coupled to

phytoremediation, the electric field may enhance the removal of the contaminants

by the plant by increasing its bioavailability (enhancement of solubilization and/or

selective mobilization) by desorption and transport of metals or metalloids, thus

facilitating phytoextraction process. Also, plant simultaneously rehabilitates soil

properties changed by the presence of EK, recovery of soil properties, and improve-

ment of its structure.

This chapter aims to give an overview of both and highlight some research

perspectives on EK remediation of As alone and coupled with other technologies,

specially focusing on EK-enhanced phytoremediation.

16.1.2 Soil Arsenic Contamination

Some metals or metalloids represent severe danger for health (Vamerali et al. 2010).

Arsenic (As) is cited as the most hazardous substance by the USA Agency for Toxic

Substance and Disease Registry (2007) and is considered one of the priority pollut-

ants by the US EPA and the EU (Filella et al. 2002). Arsenic is toxic and

bioaccumulative with harmful environmental effects even when in low levels and

when ingested for prolonged periods causes extensive health problems, class-one

carcinogen (National Research Council 2001), leading to ultimate untimely death.

Environmental contamination by As has been reported worldwide (Singh

et al. 2015). The sources of As include both natural (i.e., through dissolution of As

compounds adsorbed onto pyrite ores into the water by geochemical factors) and

anthropogenic (i.e., through use of pesticides, animal manures and phosphate fertil-

izers, semi-conductor industries, mining and smelting, industrial processes, coal

combustion, timber preservatives, etc.) (Mondal et al. 2006; Bundschuh et al. 2011).

According to the U.S. Environmental Protection Agency, the permissible limit

of arsenic in soil is 24 mg/kg. Arsenic background concentration can significantly

differ depending on soil conditions but its average concentration in European

topsoil is estimated at 7.0 mg/kg (Stafilov et al. 2010).

One of the most important anthropogenic sources of As in the environment is the

mining and refining of metals with grinding and concentrating ores, and disposal of

tailings. Therefore, special attention has been paid to the environmental manage-

ment of As-bearing mining sites throughout the world (Kwon et al. 2012).

China has large amount of As reserves. The known arsenic reserves were

reported to be 3977 kt, and 2796 kt preserved reserves, of which 87.1 % existed

in paragenetic or associated ores up to the end of 2003 (Xiao et al. 2008). In 2011,

China was the top producer of white arsenic with almost 50 % world share,

followed by Chile, Peru, and Morocco (U.S. Geological Survey 2012). The sum

of arsenic reserves located in Guangxi, Yunnan, and Hunan Provinces represents
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more than 60 % of the total arsenic reserves explored in China. As reported, up to

87 % of reserves are believed to be present in sulfide ores which are paragenetic or

associated with transition metals ores.

Different species of As present in the biosphere can be seen in Table 16.1.

Arsenic occurs as a major constituent in more than 200 minerals, including ele-

mental As, arsenides, sulfides, oxides, and arsenates (Smedley and Kinniburgh

2002). However, most of those arsenic-containing minerals are rare in nature and

generally found as sulfides associated with Au, Cu, Pb, Zn, Sn, Ni, and Co in ore

zones. The most dominant minerals existing in environment are arsenopyrite

(FeAsS), realgar (AsS), and orpiment (As2S3). In terms of speciation in natural

environment, arsenic is present as As(V) (arsenate) in oxidizing environment, while

As(III) (arsenite) is the dominate form in reducing environments (Smedley and

Kinniburgh 2002). As(V), an analog of phosphate, has moderate toxicity as it is a

potent inhibitor of oxidative phosphorylation. Arsenate is less mobile and therefore

less bioavailable as it more readily gets attached to inorganic surfaces, prominently

Fe(III) (Akter et al. 2005). It can be present as various protonated forms depending

on pH: H3AsO4, H2AsO4
�, HAsO4

2�, and AsO4
3�. As(III) has the highest toxicity

as it has high affinity to bind with sulfhydryl groups of proteins disrupting enzymes

involved in cellular metabolism. It is more mobile, and quickly comes into aqueous

solvents which makes it more bioavailable (Akter et al. 2005).

Arsenite was found under long-term anaerobic environment only (Smedley and

Kinniburgh 2002). Above 80 % of arsenic exists as arsenate rather than as arsenite

in the contaminated soil. Conventional off-site remediation technologies of soil

replacement, solidification/stabilization, and acid washing have been used to reme-

diate As-contaminated soils (Tokunaga and Hakuta 2002) which were unsuccessful

due to high cost in labor and operation for ex situ technologies. Consequently, a

Table 16.1 Common As chemical species found in natural systems (adapted from Wilson

et al. 2010)

Specie Chemical formula

Arsenopyrite FeAsS

Orpiment As2S3

Realgar AsS

Arsenic acid AsO(OH)3 (or H3AsO4)

Dihydrogenarsenate AsO2(OH)2
� (or H2AsO4

�)
Monohydrogenarsenate AsO3OH

2� (or HAsO4
2�)

Arsenous acid As(OH)3 (or H3AsO3)

Arsenite AsO(OH)2
� (or H2AsO3

�)
HAsO3

2�

Arsine AsH3

Trimethylarsine As(CH3)3

Monomethylarsonic acid (MMAA) CH3AsO(OH)2

Dimethylarsinic acid (DMAA) (CH3)2As(O)OH

Dimethylarsine (CH3)3As
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need exists for an in situ effective technique to remediate arsenic contamination that

heavily impacts the subsurface environment. Besides, most arsenic still remains in

the environment and there is always a risk of leaching caused by changes in the

environmental condition (Wang et al. 2007). As a consequence, in situ technologies

for As removal for soil are highly desired.

16.1.3 Electrokinetic Remediation

Electrokinetic (EK) remediation is a promising innovative technology for decon-

tamination in low permeability media (Table 16.2). EK technique is based on the

action of an electric field generated between inserted electrodes in the medium by

applying a direct current or a constant voltage. Removal of contaminants by EK is

accomplished by the mechanisms of electrolysis of water, electroosmosis, electro-

phoresis, and electromigration (Acar and Alshawabkeh 1993; Acar et al. 1993).

During EK process, the contaminant migration in soil is simultaneously controlled

by mechanisms of sorption/desorption, precipitation, and dissolution (Yeung 2006).

Factors affecting contaminant extractability from soils in EK process include soil

type (Saichek and Reddy 2003), contaminant type and concentration (O’Connor

et al. 2003), zeta potential of soil (Yeung and Hsu 2005), electrode spacing

(Alshawabkeh et al. 1999) and enhancement techniques (Reddy and Chinthamreddy

2003a; Sawada et al. 2003) which were discussed and reviewed in detail by

Yeung (2006).

EK process has already been demonstrated to be successful and cost-effective in

removing a wide variety of heavy metals in many bench- and field-scale studies

Table 16.2 Advantages and limitations of electrokinetic remediation (adapted from Virkutyte

et al. 2002)

Advantages Limitations

In situ and ex situ technology Limited by the solubility of the contaminant

and the desorption of contaminants from the

soil matrix

Simultaneously treats inorganic and organic

compounds in porous media

Acidic conditions and corrosion of the anode

may create difficulties in in situ remediation

Use of the pH shift produced by the electrolysis

of the water to effectively desorb contaminat-

ing ions

Precipitation of species close to the electrode

is an impediment to the process

Potentially effective in both saturated and

unsaturated soils

Necessity to apply enhancing solution

Effective method for inducing movement of

water, ions, and colloids through fine-grained

materials

The application of higher voltages to the soil,

process efficiency decreases due to the

increased temperature

Competitive in cost and remediation effective-

ness compared

Removal efficiency is significantly reduced if

soil contains carbonates and hematite, as well

as large rocks or grave

316 P.R. Guedes et al.



(Acar and Alshawabkeh 1993; Virkutyte et al. 2002). The process has also been

applied to different matrices for the remediation of both organic and inorganic

contamination (Ribeiro et al. 2000; Ribeiro et al. 2005; Ottosen et al. 2007; Wang

et al. 2007; Lima et al. 2008; Alcántara et al. 2010; Mateus et al. 2010; Ribeiro

et al. 2011; Guedes et al. 2015).

Mention must be made that EK process is mainly to remove and concentrate

pollutants in a small portion of soil or in reservoir solution. Being an optimum

technology is highly needed to enhance EK remediation efficiency (Yuan and

Chiang 2007).

Various enhancement techniques, e.g., careful management of the pH within the

reservoir (Reddy and Chinthamreddy 2003b; Saichek and Reddy 2003; Zhou

et al. 2004), addition of hydroxyl ion membranes, chelating agent, and enhancing

reagent in the cathode reservoir (Reddy et al. 2004; Kim et al. 2005b; Yuan and

Chiang 2008) were proposed to improve effectiveness in EK process. Other param-

eters like the potential gradient and processing time also affect EK performance.

Still, EK depends on the characteristics of soil texture and contaminants.

As(V) dissolves under alkaline conditions but not under acidic conditions,

whereas As(III) behaves in the opposite way (Alam and Tokunaga 2006). There-

fore, depending on the dominant As species, both acids and bases can be used to

mobilize As (Lee et al. 2007; Baek et al. 2009; Yang et al. 2009). Catholyte

conditioning with 0.1 M nitric acid showed removal efficiency for As of 62 %

after 28 days, at 4 mA/cm of current density (Baek et al. 2009). When the dominant

species is As(V) (under oxidized conditions), NaOH extraction usually gives good

results. The impact of NaOH on As mobility is based not only on the ability of OH�

to displace As oxyanions but also on the weaker re-adsorption of anions under

alkaline conditions (Jackson and Miller 2000; Jang et al. 2007). NaOH has been

used for selective extraction of anions, which is an advantage when mobilization of

toxic heavy metal cations is not desired, for example, extraction of As from mine

tailings that contain residuals of Pb and Zn (Yang et al. 2009). For soil and other

materials that are co-contaminated with cations and As, more acidic extractants or

sequential extractions have been employed (Ko et al. 2005; Isosaari and Sillanpää

2012). One drawback with NaOH extraction is that it seems to be effective only for

the removal of adsorbed As fractions whereas ammonium oxalate, oxalic acid, or

their mixture (Tamm’s reagent) are more effective for mobilizing As associated

with Fe (oxy)hydroxides and arsenates (Daus et al. 1998; Ahn et al. 2005).

Ethylenediaminetetraacetic acid (EDTA) is the most commonly used chelate

because of its strong chelating ability for different heavy metals (Chaiyaraksa and

Sriwiriyanuphap 2004). Citric acid is a weak acid, which would acidify the soil,

making the As(V) easy to desorb from soil and it can form mononuclear, binuclear,

or polynuclear and bi-, tri-, and multidentate complexes with metallic ions (Bassi

et al. 2000). It is also relatively inexpensive, rather easy to handle, and has a

comparatively low affinity for alkaline earth metals.

An enhanced electrokinetic remediation process for removal of arsenic,

presented as As(V) form, from spiked soil has been investigated with groundwater

and chemical reagents of cetylpyridinium chloride (a cationic surfactant), EDTA,
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and citric acid under potential gradient of 2.0–3.3 V/cm for 5 days treatment (Yuan

and Chiang 2008). The removal efficiency of As(V) in EK-EDTA system was better

than that in other two EK systems. As potential gradient increased from 2.0 V/cm to

3.0 V/cm, the removal efficiency of As(V) was increased from 35.4 to 44.8 % in

EK-EDTA system. It showed that the arsenic removal could be enhanced by

selecting suitable chemical reagent and increasing potential gradient. The intense

electroosmotic flow towards the cathode caused a significant retardation of

electromigration of arsenic towards the anode. The quantity of As(V) collected in

anode reservoir was 1.4–2.5 times greater than that in cathode reservoir for all EK

systems. The obtained results implied that As(V) removal was directly related to the

electromigration rather than electroosmosis mechanism in EK systems (Yuan and

Chiang 2008).

The similarity of phosphate with arsenate anions makes it feasible for displacing

adsorbed As. Isosaari and Sillanpää (2012) showed that oxalate and phosphate

solutions might also serve as mobility-enhancing agents and EK experiments

conducted with mine tailings showed that in the section near the anode, As removal

was lower with oxalate when compared with phosphate. But, due to the accumu-

lation of As in the middle section, the respective overall removals in the entire

tailings material were only 6 and 12 %. Potassium phosphate was also the most

efficient in extracting arsenic from kaolinite, probably due to anion exchange of

arsenic species by phosphate whereas sodium hydroxide seemed to be the most

efficient in removing arsenic from the tailing-soil (Kim et al. 2005a). This result

may be explained by the fact that the sodium hydroxide increased the soil pH and

accelerated ionic migration of the species through the desorption of arsenic species

as well as the dissolution of arsenic-bearing minerals (Kim et al. 2005a). Using

different soil samples, Tao et al. (2006) also determined that phosphate extracted

more As (11–32 %) than similar solutions (10 mM, pH 5.5) of oxalate (2 %).

Contrary to the previous studies, Anawar et al. (2008) found that, using mine soils,

phosphate extracted less As (6 %) than ammonium oxalate (41 %).

The efficiency of an extraction solution depends on factors such as the mineral-

ogy of As and other elements, source of As and aging processes in the contaminated

soil (Beeston et al. 2008). In fact, the association of elements with different mineral

fractions and their dissolution has a higher impact on the transportation of different

elements in mine tailings than EK mobility of soluble ions (Isosaari and Sillanpää

2010). The chemical speciation under the pH–Eh conditions prevailing between the

electrodes also affects the mobility of As: oxidation of sulfides may release As but

reduction of secondary Fe minerals is a faster release mechanism. One particular

problem is that uncharged species with poor EK mobility, such as arsenite

(H3AsO3), might be formed if Eh is not high enough or if pH is below

2 (Masscheleyn et al. 1991; Wang and Zhao 2009).
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16.1.4 Coupling EK Process with Other Technologies

There are several technologies that can be coupled with EK trying to enhance and

improve the soil remediation.

One alternative is a passivemethod employing permeable reactive barriers (PRBs),

which represents an innovative and cost-effective technology for in situ treatment of

groundwater contamination (Blowes et al. 2000). A PRB is an engineered zone of

reactive materials placed in an aquifer that allows to intercept the pollution plume

carried within the aquifer by retaining or degrading the contaminants (Yuan and

Chiang 2007). Elemental iron was commonly applied in remediation of chlorinated

organic compounds by dechlorination reaction (Su and Puls 2001; Yuan and Chiang

2008) and remediation of arsenic by promoting sorption on to the iron surface (Farrell

et al. 2001; Zhang et al. 2004; Bednar et al. 2005). PRB combined with EK process

was reported to enhance EK remediation performance. The common PRB materials

applied included ion exchange membrane for metals removal (Kim et al. 2005a) and

Fe(0)/FeOOH for As(V) removal (Yuan and Chiang 2008).

Yuan and Chiang (2007) carried batch tests with EK/PRB media of Fe(0) and

FeOOH under a potential gradient of 2 V/cm for 5 days to evaluate the removal

mechanisms of As in soil matrix. Arsenic enhancement of 1.6–2.2 times was

achieved when the PRB system was installed in an EK system. A better perfor-

mance of As removal was shown in EK/FeOOH systems, than in EK/Fe(0) systems,

when PRB was located in the middle of EK cell. The results obtained by Yuan and

Chiang (2007) indicated that the removal of As in EK/PRB systems was much more

contributed by surface adsorption/precipitation on PRB media than by EK process.

Among the electrical removal mechanisms, electromigration was predominant than

electroosmotic flow. Surface adsorption and precipitation were, respectively, the

principal removal mechanism under acid environment, e.g., near anode side, and

under basic environment, e.g., near cathode side.

An enhanced EK/PRB of carbon nanotube coated with cobalt (CNT-Co) has been

investigated for As(V) removal from soil under potential gradient of 2.0 V/cm for

5 days treatment. The results obtained by Yuan et al. (2009) showed that removal

efficiency of As(V) was greater than 70 % in EK/CNT-Co system with EDTA as

processing fluid, which was enhanced by a factor of 2.2 compared to EK system and

EK/CNT systems. A better removal performance in EK/CNT-Co system was

attributed to higher sorption of As(V) onto CNT-Co than onto CNT. Removal of

As(V) in EK/CNT-Co system was mainly contributed by surface sorption on

CNT-Co rather than by EK process. The surface characteristics of CNT-Co,

which was qualified by SEM coupled with EDS, clearly confirmed that arsenic

was adsorbed on the passive layer surface. Among EK processes, As(V) removal

was dominated by electroosmosis flow and electromigration in EK/CNT-Co system

with groundwater and EDTA as processing fluid. An investigation with sequential

extraction revealed that As(V) associated with soils was considerably shifted from

strong binding forms, i.e., Fe-Mn oxide, organic, and residual, to weak binding

forms, i.e., exchange and carbonate, after EK/CNT-Co treatment (Yuan et al. 2009).
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16.2 Phytotechnologies

Phytoremediation is a cost-effective natural option to upgrade contaminated lands by

different mechanisms (Ali et al. 2013). The time to perform a remediation scheme,

geological and climatic determinants or toxicity may be a constraint to the success of

this technique (Table 16.3). Metals may be removed by phytoextraction. In this

process, plants uptake the contaminant by roots followed by its translocation and

accumulation in the aboveground biomass. This biomassmay be further harvested and

further disposed or reused for environmental applications (e.g., biomass production,

phytomining). The level of accumulation depends on plant tissue (shoot or root)

(Qi et al. 2011) and can be season dependent (Murciego et al. 2007). The accumulation

levels are also related with soil type, bioavailability, and plant species (Qi et al. 2011).

In the specific case, mining areas can be rehabilitated by plants with potential

to accumulate metals and/or metalloids. Plant species spontaneously growing in

mining areas contaminated with As naturally accumulate this metalloid, mainly

when in available form (Jana et al. 2012; Levresse et al. 2012; Pérez-Sirvent

et al. 2012; Vaculı́k et al. 2013). Themechanism ofmetal tolerance and detoxification

Table 16.3 Advantages and limitations of phytoremediation (adapted from Gomes 2012; Favas

et al. 2014)

Advantages Limitations

In situ and passive technique Limited to shallow soils or where contamina-

tion is localized to the surface (<5 m) and

plants are selective in metal remediation

Solar-driven and low cost Limited practical experience and therefore not

accepted by many regulatory agencies

High acceptance by the public There is little knowledge of farming, genetics,

reproduction and diseases of

phytoremediating plants

Reduced environmental impact, contributes to

the landscape improvement, provides wildlife

for animal life

Can only be applied depending heavy metals

concentrations in the soil (can be toxic and

lethal to plants) and plants may not adapt to

climatic and environmental conditions at

contaminated sites

Reduction of soil erosion, dispersal of dust and

contaminants by wind

Toxicity and bioavailability of degradation

products remain largely unknown

Reduction of surface runoff, leaching, and

mobilization of contaminants in soil

Treatment slower than the traditional physi-

cochemical techniques

Easy harvesting of the plants Contamination may spread through the food

chain if accumulator plants are ingested by

animals

The harvested biomass can be economically

valuable

If the plants release compounds to increase the

mobility of the metals, these can be leached

into groundwater

Plant process more easily controlled than those

of microorganisms

The area to be decontaminated must be large

enough to allow application of cultivation

techniques
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enables some plant species to survive, grow, and reproduce in contaminated sites

(Pratas et al. 2005).

The Pteris vittata (Chinese brake fern) was found to be resistant to As, having the
capability of hyperaccumulating large amounts of As in its fronds (Ma et al. 2001), in

which the contaminants are picked up by the roots of plants and transported to their

aboveground parts, and then removed together with the crops (phytostabilization,

phytoextraction, and phytovolatilization). The brake fern can accumulate between

1442 and 7526 mg/kg As in fronds from contaminated soils, and up to 27,000 mg/kg

As in its fronds in hydroponics culture. The As hyperaccumulation capacity has also

been demonstrated in other plants (Visoottiviseth et al. 2002; Zhao et al. 2002;

Meharg 2003).

Besides phytoremediation, phytostabilization methods using plants can also be

applied for long-term remediation of As. This method limits uptake and excludes

mobilization of As. The major benefit of phytostabilization is that the vegetative

biomass above ground is not contaminated with As, thus reduces the risk of As

transfer through food chains (Madej�on et al. 2002).

16.3 Electrokinetic-Enhanced Phytoremediation

One of the key aspects of innovation in the remediation field refers to the develop-

ment of combined treatments and operational methods that contribute to improve

the mobilization and the transport of the contaminants out of the matrix. Due to its

mobilization potential, EK process can be considered an integrated tool for con-

taminants removal, alone and coupled with phytoremediation. The coupling of EK

process with phytoremediation (also known as EK-assisted phytoremediation) is an

innovative technique that deserves a deeper knowledge to enlarge the scope of EK

application (Fig. 16.1).

Fig. 16.1 Schematic representation of in situ electrokinetic enhanced phytoremediation
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Phytoremediation coupled with EK process was reported to evaluate metals

uptake by different plant species (O’Connor et al. 2003; Cang et al. 2011; Putra

et al. 2013). With the coupled technique a redistribution of soil metals between

electrode compartments and changes (normally increase) of plant uptake compared

with the absence of an electric field. Soil pH also changes, normally, decreasing in the

anode compartment (O’Connor et al. 2003; Cang et al. 2011) which may lead to the

activation of soil heavy metals in the anode region (Cang et al. 2011). The applied

voltage may be determinant in the efficiency of the process (Cang et al. 2011).

Literature (Aboughalma et al. 2008; Bi et al. 2011) reports the use of DC and alternate

field (AC) in EK-assisted phytoremediation and, in general, concludes that AC field

does not promote considerable pH variation or metal redistribution, as happens with

DC field. The root and shoot development may change as a reflex of the application of

electric field from a slightly inhibition in the anode compartment due to soil acidi-

fication and movement of nutrient cations (e.g., Ca) (O’Connor et al. 2003) to positive

or negative effect depending on the applied voltage (Cang et al. 2011).

On one hand, EK process affects soil chemistry, most commonly the acidifica-

tion of the soil (when a DC field is applied), and possible disappearance of most of

the natural microflora due to the toxic effect of the acidic pH, but, on the other hand,

plant growth favors increased enzymatic and microbial activity (Cameselle

et al. 2013). Cang et al. (2012) carried out a study with the purpose of understanding

the effect of electric current on physicochemical soil properties and enzymatic and

microbial activity and reported differences between the three soil compartments

(anode, central compartment, and cathode). The NO3
�, NH4

+, available K and P

increased compared with their initial soil concentration. Basal soil respiration and

microbial biomass carbon significantly increased near the anode and cathode. All

tested enzymatic parameters (urease, invertase, and phosphatase) were inhibited by

DC field. DC field was the main factor affecting the soil properties but plant growth

counteracted to same extent its impact on soil properties.

The efficiency and extent of phytoextraction is dependent on contaminant

bioavailability for uptake, speciation, and efficiency of each plant species regarding

metal uptake (ability to intercept, absorb, and accumulate contaminants) (Saifullah

et al. 2009; Bech et al. 2012; Bhargava et al. 2012; Ali et al. 2013) as plants have

specific responses to metal/metalloid tolerance, accumulation mechanisms, and

genetic and environmental factors, e.g., as light and temperature in greenhouse

conditions (Antoniadis et al. 2006).

16.4 Case Study

The study was conducted using a sandy clay soil collected from a mine area located

in southern Hunan Province, China. The soil contained 66 mg/kg of As (Couto

et al. 2015). Desorption tests were performed in the soil with and without phosphate

amendment and higher extractions were found when no amendment was added

(pH 13.5, 98 % for As).
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The group tested the feasibility of anolyte conditioning with NaOH and/or

phosphate soil amendment on EK remediation of a mine soil contaminated with

As. Controlling soil pH during EK was beneficial for increasing contaminant

solubilization and migration from the soil region adjacent to the anode. Still, after

90 days, the highest removal rate was achieved for the experiment where both

anolyte conditioning and phosphate amendment were performed, ca. 17 % of As

was removed from the soil (Table 16.4). The main removal mechanism was

electromigration towards the anode. In this study, lower remediation efficiencies

were obtained comparing with literature. Better efficiencies for As removal were

achieved for a contaminated soil through anolyte conditioning with NaOH, up to

43 % by Ryu et al. (2011) and with EDTA, 45 % of As(V) for a spiked soil (Yuan

and Chiang 2008). It must be noticed that when remediation schemes are applied to

spiked matrices, they usually present higher remediation although they are less

“environmentally” reproducible. The electrolyte conditioning has the advantage of

Table 16.4 Arsenic remediation after application of electrokinetic remediation, phytoremediation,

and coupled technology (Couto et al. 2015)

Technology

Chemical

agenta Plant

Treatment

time

(days)

Final

soil pHb

Total removal

(μg/g or μg/
potd)

Electrokineticc

(stationary cell)

– – 90 (20 V) 4.2–10.3 0.37

PO4
3� – 6.8–11.0 4.01

NaOH – 4.0–8.9 0.67

PO4
3–+NaOH � 10 .6�11.2 11.41

Phytoremediation – Indian

Mustard

15 Approx.

6.5e
79.3

Ryegrass Approx.

6.5e
86.9

PO4
3� Indian

Mustard

Approx.

6.5e
289.7

Ryegrass Approx.

6.5e
96.4

Electrokinetic-

Enhanced

Phytoremediation

– Indian

Mustard

15 (20 V

8 h per
day)

6.2–7.2 176

Ryegrass 6.1–6.9 96.7

PO4
3� Indian

Mustard

5.9–7.5 335.6

Ryegrass 6.3–7.2 143.7
aPO4

3� (0.5 M) was added to the soil prior to the experiment and NaOH was added to the anolyte

to keep its pH above 12
bInitial soil pH was 6.3
cRemoval values were calculated by the sum of As concentration found in the anolyte and

catholyte divided by the initial concentration
dTotal As and Sb levels (calculated using metalloids concentration and biomass values of each

plant tissue) in ryegrass and Indian mustard after different treatments (mg/pot)
eMinimum and maximum values between 6.4 and 6.7
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not only increasing the removal of As but also decreasing energy consumption

(Baek et al. 2009). Another option to improve remediation efficiencies is to couple

EK with other technologies.

Phytoremediation alone and coupled with electrokinetic was also tested for the

remediation of the contaminated soil. Two plants were used, Indian mustard

(Brassica juncea) and ryegrass (Lolium perenne). Indian mustard accumulated

more metalloids than ryegrass (approximately 65 % more than ryegrass) (Couto

et al. 2015) but the total uptake may be counteracted by higher biomass of ryegrass

that is higher than those from I. mustard (Table 16.4; Couto et al. 2015). Phosphorus

amendment may also help improving metalloids uptake and this was of particular

importance for I. mustard.

Compared with plant alone, phosphorus and EK process increased As (25 and

48 %) and Sb (25 and 30 %) uptake for ryegrass and I. mustard, respectively.

An integrated assessment was also carried out to study the effect of DC in the

heavy metals bioavailability after the EK treatment in the stationary cell as well as

the electric current effect on plants biomass, enzymatic activities, and available soil

nutrients (Couto et al. 2015).

After a two-step extraction, to simulate the mobile and mobilizable fractions, the

initial soil contained 43 % of the As in a mobile form (most available to biota and

most easily leached to groundwater) indicating that 28 mg of As per kg of soil can

be potentially released into the environment in the mine area where the soil was

sampled. Comparing to the initial soil, the application of EK decreased value of the

mobilizable As fraction, but no changes in the mobile form was observed.

Through the evaluation of the biomass changes, it was possible to assess that

I. mustard belowground biomass was positively affected by phosphate and

EK. Together, phosphate amendment and EK increased biomass in both plants

(Couto et al. 2015). The slight pH changes did not negatively affect biomass in both

species. Regarding soil nutrients, potassium electromigrated towards cathode com-

partment in the treatment with combined technologies and available nitrate was

redistributed between soil compartments in the presence of EK, with or without

phosphate amendment. Between plant species, there was a similar pattern of

nutrient distribution suggesting that, for the tested conditions, the used plants did

not directly affect the nutrients pattern but factors such as the application of a DC

electric field did it. Urease slightly decreased in the presence of EK but increased in

the presence of ryegrass with or without phosphate amendment and also increased

in the presence of I. mustard. But, for example, the activity of neutral phosphatase

did not significantly change between the applied treatments (Couto et al. 2015).

16.5 Conclusions and Final Remarks

There are several approaches that can be applied aiming soil remediation/rehabil-

itation and both EK and phytoremediation seem to be viable option. Hybrid

technologies may be a reliable option to achieve better remediation ratios. One
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option is to apply EK-assisted phytoremediation, a combination of technologies

that may be considered to upgrade mine-contaminated areas. Nevertheless, in both

cases, the efficiency of both techniques is dependent on time constraints.

Gathering fundamentals and research on applied EK-assisted phytoremediation

will allow deeper knowledge on the application of this hybrid technology that

assembles advantages from both processes, in the design of a remediation scheme.

As so, more tests may be performed to achieve optimum conditions and better

efficiencies for remediation of mine contaminated areas. In this scope, parameters

such as life cycle costs, energy consumption, availability, resource use, and pollu-

tion may also be taken into account in order to make the process economically

viable.
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Alcántara MT, G�omez J, Pazos M, Sanromán MA (2010) Electrokinetic remediation of PAH

mixtures from kaolin. J Hazard Mater 179:1156–1160

Ali HH, Khan E, Sajad MA (2013) Phytoremediation of heavy metals—concepts and applications.

Chemosphere 91:869–881

Alshawabkeh A, Yeung A, Bricka M (1999) Practical aspects of in-situ electrokinetic extraction.

J Environ Eng 125:27–35

Anawar HM, Garcia-Sanchez A, Santa Regina I (2008) Evaluation of various chemical extraction

methods to estimate plant-available arsenic in mine soils. Chemosphere 70:1459–1467

16 Phytoremediation Coupled to Electrochemical Process for Arsenic Removal. . . 325



Antoniadis V, Tsadilas C, Samaras V, Sgouras J (2006) Availability of heavy metals applied to soil

through sewage sludge. In: Prasad MNV, Sajwan KS, Naidu R (eds) Trace elements in the

environment: biogeochemistry, biotechnology and bioremediation. Taylor and Francis, Florida

Baek K, Kim D-H, Park S-W, Ryu B-G, Bajargal T, Yang J-S (2009) Electrolyte conditioning-

enhanced electrokinetic remediation of arsenic-contaminated mine tailing. J Hazard Mater

161:457–462

Bassi R, Prasher SO, Simpson BK (2000) Extraction of metals from a contaminated sandy soil

using citric acid. Environ Prog 19:275–282

Bech J, Corrales I, Tume P, Barcel�o J, Duran P, Roca N, Poschenrieder C (2012) Accumulation of

antimony and other potentially toxic elements in plants around a former antimony mine located

in the Ribes Valley (eastern Pyrenees). J Geochem Explor 113:100–105

Bednar AJ, Garbarino JR, Ranville JF, Wildeman TR (2005) Effects of iron on arsenic speciation

and redox chemistry in acid mine water. J Geochem Explor 85:55–62
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Murciego AM, Sánchez AG, González MAR, Gil EP, Gordillo CT, Fernández JC, Triguero TB

(2007) Antimony distribution and mobility in topsoils and plants (Cytisus striatus, Cistus

ladanifer and Dittrichia viscosa) from polluted Sb-mining areas in Extremadura (Spain).

Environ Pollut 145:15–21

16 Phytoremediation Coupled to Electrochemical Process for Arsenic Removal. . . 327

http://dx.doi.org/10.1016/j.electacta.2015.03.167


Nagajyoti PC, Lee KD, Sreekanth TVM (2010) Heavy metals, occurrence and toxicity for plants: a

review. Environ Chem Lett 8:199–216

O’Connor CS, Lepp NW, Edwards R, Sunderland G (2003) The combined Use of electrokinetic

remediation and phytoremediation to decontaminate metal-polluted soils: a laboratory-scale

feasibility study. Environ Monit Assess 84:141–158

Ottosen LM, Pedersen AJ, Hansen HK, Ribeiro AB (2007) Screening the possibility for removing

cadmium and other heavy metals from wastewater sludge and bio-ashes by an electrodialytic

method. Electrochim Acta 52:3420–3426
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Chapter 17

Nanoremediation Coupled to Electrokinetics
for PCB Removal from Soil

Helena I. Gomes, Guangping Fan, Lisbeth M. Ottosen, Celia Dias-Ferreira,

and Alexandra B. Ribeiro

17.1 Introduction

Polychlorinated biphenyls (PCB) are synthetic organic compounds classified as

Persistent Organic Pollutants (POP). Despite their use has been banned in the

majority of countries, PCB can still be found in the environment, even in remote

areas where they were never manufactured or used (Rosalinda et al. 2013). These

pollutants represent an important environmental problem due to their persistence

and to the lack of a cost-effective and sustainable remediation technology for

contaminated soils and sediments (Gomes et al. 2013a).
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The solutions commonly adopted for PCB-contaminated soils and sediments are

“dig and dump” and “dig and incinerate,” despite the development and testing of

innovative technologies at lab scale (Gomes et al. 2013a). In the late 1990s, the

emergence of nanotechnologies and especially the use of zero valent iron

nanoparticles (nZVI) were considered encouraging for organochlorines, such as

PCB, in contaminated groundwaters and soils (Wang and Zhang 1997; Lowry and

Johnson 2004; He et al. 2010). Zero valent iron nanoparticles, as a strong reductant,

can promote reductive dechlorination through a multi-step removal of chlorine

atoms in different pathways, which can occur in parallel or sequentially. In field

applications, nZVI can be easily injected in the aquifers through injection wells, or

incorporated to topsoil to adsorb or degrade pollutants (Crane and Scott 2012).

However, results in aquifers show that nZVI have limited mobility, ranging from

1 m (Kocur et al. 2014) to 6–10 m (Zhang and Elliott 2006). One of the methods

tested to enhance nZVI mobility was the use of low-level direct current

(DC) (Gomes et al. 2013b; Pamukcu et al. 2008; Jones et al. 2010; Yang

et al. 2007), using the same principles of electrokinetic remediation (EKR). Com-

bining both technologies, the role of the electric current would be to enhance the

nZVI transport into the soil for in situ transformation, and subsequent destruction of

the contaminants would occur.

The main objective of this chapter is to provide an overview of the experimental

work combining electro- and nanoremediation of PCB-contaminated soils. It is

organized as follows: after a general introduction to the chemical properties of PCB

and their use, the existing technologies for PCB-contaminated soils and sediments

are briefly mentioned, detailing the use of EKR and iron nanoparticles, and mainly

in the simultaneous use of both technologies targeting PCB in polluted soils.

17.2 Polychlorinated Biphenyls

The classification of PCBs as persistent organic pollutants (POP) arises from the

United Nations (UN) Stockholm Convention in 2001, due to accumulated evidence

of the potential toxicity of these chemicals based on in vitro or in vivo assays

(Valentı́n et al. 2013). These pollutants are synthetic organic compounds resistant

to environmental degradation through chemical, biological, and photolytic pro-

cesses (Ritter et al. 1997), which make them persist in the environment, transport

through long-range distances and reach remote areas where they have never been

used, bioaccumulate in human and animal tissue, and biomagnificate in food chains

(Koblizkova et al. 2009; Nizzetto et al. 2010; Donaldson et al. 2010). Soil plays an

important role in the global fate and distribution of POP, as an efficient sink for

these chemicals due to its large retention capacity for hydrophobic compounds

(Holoubek et al. 2009). Soil contamination with POP is especially alarming.

PCBs are a group of synthetic aromatic compounds that comprise two benzene

rings connected at the C-1 carbon, with the general formula C12H10�xClx. Each ring
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can have up to five chlorines in the ortho, meta, or para positions (Fig. 17.1),

ranging from mono- to decachlorobiphenyl. There is a total of 209 structural

arrangements (congeners) differing in chlorine number and position and exhibiting

unique chemical properties. Ballschmiter and Zell (BZ), in 1980, introduced a

system in which congeners were arranged in ascending numerical order based on

the number of chlorine atoms and their position on the biphenyl structure. The BZ

system was recognized by the International Union of Pure and Applied Chemistry

(IUPAC) and is the generally accepted notation (Maervoet et al. 2003).

Manufactured by subjecting biphenyl to chlorine, commercial PCB typically

came in a mixture of many congeners, classified by the amount of chlorine by

weight present. For instance, Aroclor 1260, marketed by Monsanto from 1930 to

1977, contained 60 % wt. of chlorine (Yak et al. 1999). Other commercial mixtures

of different congeners were Clophen (Bayer, Germany), Kanechlor (Kanegafuchi,

Japan), Santotherm (Mitsubishi, Japan), Phenoclor and Pyralene (Prodolec, France)

(Breivik et al. 2002a; Diaz-Ferrero et al. 1997). PCB were used for industrial

application in closed systems: lubricants (industrial oils), dielectric fluids in elec-

trical equipment such as transformers, capacitors, heat transfer, and hydraulic

systems (Borja et al. 2005; Erickson and Kaley 2011; Kas et al. 1997; UNEP

2002). They were also employed in open uses, such as pesticide extenders, sealants,

carbonless copy paper, lubricants, paints, adhesives, plastics, flame retardants, and

dedusting agents on roads (ATSDR 2000; Diamond et al. 2010; Kohler et al. 2005;

Priha et al. 2005). Other uses, in partially open systems, include: heat transfer

fluids; hydraulic fluid in lifting equipment, trucks and high-pressure pumps; vac-

uum pumps; voltage regulators; liquid filled electrical cables; and liquid filled

circuit breakers (ATSDR 2000; Eisler and Belisle 1996; Erickson and Kaley

2011; Furukawa and Fujihara 2008). Recently, PCB congeners (namely PCB11

or 3,30-dichlorobiphenyl) were detected in azo and phthalocyanine pigments, com-

monly used in paint and also in inks, textiles, paper, cosmetics, leather, plastics,

food, and other materials (Hu and Hornbuckle 2010; Rodenburg et al. 2010), as

by-products (inadvertently produced) of industrial synthetic process of paint pig-

ments (Hu and Hornbuckle 2010).

Fig. 17.1 Chemical structure of PCB. (a) The possible positions of chlorine atoms on the benzene

rings are denoted by numbers assigned to the carbon atoms. (b) Chemical structure of 3,30,4,40,5-
pentachlorobiphenyl (PCB126)
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PCB pose a real human health threat through numerous exposure pathways

(Mikszewski 2004).Of the 209different types ofPCBs, 13 exhibit a dioxin-like toxicity

(UN 2001). The Toxic Equivalency Factor (TEF) defined by the World Health Orga-

nization (WHO) for PCB varies between 10�5 for 2,30,4,40,5,50-hexachlorobiphenyl
and 0.1 for 3,30,4,40,5-pentachlorobiphenyl. The non-dioxin-like PCB and their meta-

bolites do not interact substantially with the aryl hydrocarbon receptor and may act

through different pathways than the dioxin-like chemicals, so their effects are not

accounted for in TEF (CDC 2009). Adverse effects associated to the exposure of

PCB comprise damage to the immune system, liver, skin irritation (acne), reproductive

system, gastrointestinal tract, and thyroid gland (ATSDR 2011; Faroon et al. 2003;

Xing et al. 2009). Research has also shown that PCB can cause severe neurological

problems in children, including impairment of cognitive andmotor abilities, and can be

transmitted from mother to child during breastfeeding (Faroon et al. 2003). PCB are

listed as probable human carcinogens (UN 2001). Occurrences of PCB toxic effects in

invertebrates, fish, birds, and other animals are also well documented (Eisler 1986;

Eisler and Belisle 1996).

In the 1970s, several countries limited PCB use due to the concerns on human

toxicity and later, in 1985, the European Community heavily restricted the use and

marketing of PCB. Nevertheless, PCB production was estimated around 1.2 and

2 million t, with some of the most detailed data indicating a total global production

of approximately 1.3 million t between 1929 and 1993 (Breivik et al. 2007). Of this

cumulative global production, previsions point to 440–92,000 t emitted into the

environment (Breivik et al. 2002b, 2007). According to Ockenden et al. (2003),

most of the PCB manufactured/used (perhaps >70 %) have not yet entered the

environmental pool because they are still associated with diffusive source mate-

rials. Around 10 % of the total produced PCB (Schmidt 2010) is accumulated in the

geosphere because of their low volatility, low solubility in water, and high affinity

for particulates, both biotic and abiotic (Alder et al. 1993; Yak et al. 1999; Schmidt

2010).

The extent of PCB contamination in soils and sediments worldwide is unknown.

In the USA, 25 % of the Superfund Sites (total number of 433 sites) have

PCB-contaminated soils or sediments (USEPA 2014), whereas in Canada there

are 338 sites according to the Federal Contaminated Sites Inventory (TBS-SCT

2014). In European countries, an estimate points towards 272,000 contaminated

sites with chlorinated hydrocarbons, but a total quantification of PCB-contaminated

sites is missing (Marc van Liedekerke et al. 2014). Additionally to the local

contamination near industrial sites, an inventory on atmospheric deposition in

background surface soil estimates a PCB global soil burden of 21,000 t (Meijer

et al. 2003).

Under the UN Stockholm Convention, the parties (currently 179) have to

eliminate the use of PCB in equipment (e.g., transformers and capacitors) by

2025 and to ensure the environmentally sound management of PCB waste (includ-

ing contaminated soils) by 2028 (UN 2001).
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17.3 Technologies for PCB-Contaminated Soils
and Sediments

The state of the art of the technologies for in situ and ex situ remediation of

PCB-contaminated soils and sediments was recently reviewed, including labora-

tory, pilot, and full-scale case studies (Gomes et al. 2013a). The main emergent

remediation technologies were described and their current status was evaluated,

assessing the main advantages and also potential obstacles to their full-scale

application (Gomes et al. 2013a). A classification was also developed, consider-

ing in situ and ex situ methods, differencing biological, physical, chemical, and

thermal methods, and also natural attenuation and combined technologies

(Fig. 17.2). Although there are promising results in bench-scale studies, most

technologies are still in the initial stage of development. Further research and

scale-up are needed for the progress of cost-effective and sustainable alternatives

for PCB remediation.

After this review, recent studies include the electrokinetically enhanced

persulfate oxidation of PCB in contaminated soils with (Fan et al. 2014) and

without surfactant (Yukselen-Aksoy and Reddy 2012); the phytoremediation by

Fig. 17.2 Classification of remediation technologies for remediation of PCB-contaminated soils

and sediments (Gomes et al. 2013a)

17 Nanoremediation Coupled to Electrokinetics for PCB Removal from Soil 335



alfalfa, tall fescue, single, and mixed plants cultivation (Li et al. 2013); and the use

of biosurfactant on combined chemical–biological treatment (Viisimaa et al. 2013).

In none of those studies was clearly demonstrated the method efficiency for full-

scale implementation.

17.3.1 Electroremediation

EKR, also called electrokinetics, electroremediation, or electroreclamation, is a solid

technology that has been successfully used since the late 1980s to treat contaminated

soils, especially low permeability soils (Lageman et al. 1989; Pamukcu and Wittle

1992; Acar and Alshawabkeh 1993; Probstein and Hicks 1993; Ottosen et al. 1997).

Electrokinetics can be defined as the application or induction of a low-level direct

current on the order of mA cm�2 of cross-sectional area between the electrodes or an

electric potential difference about few V cm�1 across a soil mass containing fluid or a

high fluid content slurry/suspension, causing or caused by the motion of electricity,

charged soil, and/or fluid particles (Sun 2013). In this method, the current acts as the

“cleaning agent,” generating transport processes (as electroosmosis,

electromigration, and electrophoresis) and electrochemical reactions (electrolysis

and electrodeposition) (Acar and Alshawabkeh 1993).

Electrodialytic soil remediation (EDR) is a remediation method developed for

removing heavy metals from polluted soil, based on the combination of the elec-

trokinetic movement of ions in soil with the principle of electrodialysis (Ottosen

et al. 1997). Electrodialytic remediation of solid waste products started in 1992 at

the Technical University of Denmark (DTU) and was patented in 1995

(PCT/DK95/00209). EDR was originally applied to moist and consolidated soil

for in situ treatment. Later, a faster and continuous process was developed (Jensen

et al. 2007; Ottosen et al. 2009, 2013a): the soil is suspended in a solution (most

often water) and stirred, primarily to use ex situ. This method was used successfully

for the remediation of heavy metals-contaminated soils, both in soil mass

containing fluid (Ottosen et al. 1997) and in a high fluid content slurry/suspension

(Jensen et al. 2007; Ottosen et al. 2009, 2013a), for the cleanup of different

contaminated matrices like mine tailings, different types of fly ashes, sewage

sludge, freshwater sediments, and harbor sediments (Ribeiro et al. 2000; Hansen

et al. 2005; Ottosen et al. 2006, 2007; Kirkelund et al. 2009; Jensen et al. 2010;

Pazos et al. 2010). Recently, a new development in EDR is the two-compartment

electrodialytic setup also developed (Ottosen et al. 2013b) at DTU, in which the

anode is placed directly in the compartment in which the soil or the contaminated

matrix is suspended and stirred simultaneously.

The removal of heavy metals from soils is one of the most studied processes in

electroremediation (Virkutyte et al. 2002). Despite the success at bench scale, there

are limited full-scale applications for soil remediation. In the last years, numerous

research teams developed methods to increase electrokinetics removal efficiency,

such as pH control (Lee and Yang 2000; Saichek and Reddy 2003a), enhancement
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solutions (Ottosen et al. 2005), desorbing agents (Nystroem et al. 2006), surfactants

(Saichek and Reddy 2003b), pulse current (Hansen and Rojo 2007; Sun and Ottosen

2012), and alternating current (Rojo et al. 2012).

Gomes et al. (2012) made a literature review of the experimental work carried

out to improve organochlorines electroremediation from contaminated soils, both

with enhancement solutions and using other remediation technologies simulta-

neously. When this review was made, EK had never been used to extract PCB

from soils. Since then, a study on spiked soils reported an 87 % removal efficiency

for PCB with electrokinetics (Istrate et al. 2013). Still this paper fails to explain this

removal because no quantification of PCB in the anolyte and the catholyte was

made, nor degradation processes were identified or proposed. Recently, two studies

tested the electrokinetically enhanced persulfate oxidation of PCB in spiked soils

(Yukselen-Aksoy and Reddy 2012) and in contaminated soils using also a surfac-

tant (Fan et al. 2014). In the first study, the highest level of PCB oxidation, 78 %,

was achieved in spiked kaolin with temperature-activated persulfate in 7 days

(Yukselen-Aksoy and Reddy 2012). These results could not be replicated in the

glacial till soil (with only 14 % oxidation), probably due to the high buffering

capacity, nonhomogeneous mineral content, and high organic content (Yukselen-

Aksoy and Reddy 2012). In the second study, the surfactant used was Igepal CA720

and zero valent iron (added in the cathode reservoir) was the persulfate activator

(Fan et al. 2014). The highest PCB degradation rate was 38 % in the treatment

without activator. The authors found that the use of iron as persulfate activator was

ineffective as it consumed most of persulfate and inhibited its transport into the cell.

17.3.2 Nanoremediation

Zero valent iron nanoparticles were considered a promising alternative for PCB

degradation in aqueous solutions (Wang and Zhang 1997; Lowry and Johnson

2004; He et al. 2010) because they can promote reductive dechlorination

(Fig. 17.3). However, a 95 % dechlorination in historically contaminated soils was

Fig. 17.3 Dechlorination of PCB by zero valent iron nanoparticles (adapted from Wang and

Zhang 1997 and Yan et al. 2013)

17 Nanoremediation Coupled to Electrokinetics for PCB Removal from Soil 337



only achieved at high temperatures (300 �C) (Varanasi et al. 2007). Another recent
study reported 81.5 % and 53.4 % PCB removal from soils from an e-waste recycling

area in batch tests with 12 days duration, using the Fe/Pd bimetallic nanoparticles,

compared with 67.4 and 48.3 % using bare nZVI (Chen et al. 2014). Until now, the

efficiency of PCB dechlorination in soils and soil slurries is limited when compared

with aqueous solutions, due to competing reactions occurring and also to the strong

PCB adsorption to soil organic matter.

17.3.3 Nanoremediation Coupled to Electrokinetics

The idea of combining nanoremediation and electrokinetics of PCB-contaminated

soil was presented in 2011 (Gomes et al. 2011) and, in 2013, Fan et al. (2013) report

experimental work on the topic, in which a contaminated soil from a capacitor

landfill (100 g), in Zhejiang, China, was diluted with a clean soil collected from a

farmland (2400 g) in Nanjing, China, that was previously spiked with PCB28 (Fan

et al. 2013). The sum of PCBs in the final soil was 46.3 mg kg�1. The four

nanoremediation and electrokinetic experiments had 14 days duration; the voltage

gradient was 1 V cm�1 initially and was doubled at day 7, the electrolyte was

10�2 M NaNO3 and different stabilizers for bimetallic Fe/Pd nanoparticles

containing xanthan gum and surfactants were tested (Exp-01. 1 g L�1 xanthan

gum; Exp-02. 1 g L�1 xanthan gum + 3 % sodium dodecyl benzene sulfonate—

SDBS; Exp-03. 1 g L�1 xanthan gum+ 3% Brij35 and Exp-04. 1 g L�1 xanthan

gum+ 3 g L�1 rhamnolipid). In EK test, 20 g L�1 of stabilized nano Fe/Pd was

injected in the compartment located 3 cm from the anode chamber daily. After the

experiments, the removal efficiencies were 17.1 %, 11.0 %, 20.4 %, and 11.7 %,

respectively. Brij35-xanthan gum stabilized nanoparticles obtained the highest

PCBs removal efficiency due to its higher reactivity and higher electroosmotic

flow toward cathode (Fan et al. 2013). This limited removal is due to the strong

adsorption of PCB to soils. The other surfactants tested (SDBS and rhamnolipid)

showed even lower PCB removal in the EK experiments (Fig. 17.4).

The combined electro-nano remediation of PCB-contaminated soils was also

tested in two different experimental setups—both developed at the Technical

University of Denmark (DTU) (Gomes et al. 2015). In the electrodialytic (ED) -

two-compartment cell, the soil is suspended and stirred simultaneously with the

addition of nZVI vs. a conventional three-compartment electrokinetic

(EK) cylindrical cell (Fig. 17.5). The two-compartment ED setup showed PCBs

removal percentages of 83 % with and 29 % without direct current (Fig. 17.6).

These removal percentages are higher than that in the previous studies (Fan

et al. 2013) and also than in batch tests without current (Chen et al. 2014). The

suspension and stirring of the soil can enhance the PCB dechlorination by nZVI,

due to an increase in desorption from soil or to a higher contact and reaction

between nZVI and PCB, or to both. In the traditional three-compartment EK

setup, the iron has to be transported across the compacted saturated soil to reach
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the contaminants. Previous studies show that even a low proportion of carbonate

minerals may cause an increase in the deposition of PAA-nZVI particles and

aggregates due to the lower negative surface charge (Laumann et al. 2013).

As the soil used in the experiments has high carbonate content (18 %), the limited

dechlorination (12–58 %) observed is probably related to the iron precipitation with

the carbonates (Gomes 2014).

Experiments with the EK setup (Fig. 17.5b) were conducted with different

durations to assess if longer times would increase the PCB dechlorination. Com-

paring a 10 day experiment (A) with a 45 days experiment (D), the PCB removal

has a small increase (27 % vs. 36 %) (Fig. 17.6). Although the removal percentages

were higher than in previous studies (Fan et al. 2013), their values were not

encouraging for a scale-up of the process (pilot and full scale) for the remediation

of PCB-contaminated soils and sediments.

Direct current can be used to enhance nZVI transport in different porous

matrices or model soils (Gomes et al. 2013b, 2014b) but, in the new ED setup,

the contact between the nanoparticles and the contaminated soil is ensured by the

stirring, so the current might not be needed for the PCBs dechlorination. However,

an experiment with direct current (Exp. F) had a higher PCBs removal rate (83 %)

than a similar experiment without current (Exp. E) (29 %) (Fig. 17.6). Of major

importance to this was the high pH and buffer capacity of the soil tested (Fig. 17.6).

In the experiment without current (Exp. E) the soil suspension with nZVI kept a

constant alkaline pH, which promotes the passivation of the iron nanoparticles.

Fig. 17.4 PCB concentrations in soil sections after the different treatments applied (Fan

et al. 2013)
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In the experiment with current (Exp. F) water electrolysis produces H+ in the anode,

thus lowering the pH in the soil suspension (pH range between 2.9 and 10.2). A

slightly acidic pH (4.90–5.10) increases the dechlorination rate of PCB by nZVI

and nZVI/Pd (Wang et al. 2012).

Fig. 17.5 Schematic representation of the experimental setups used in the experiments: (a)
setup A—new electrodialytic cell (CAT—cation exchange membrane); (b) electrokinetic cell

(setup B)
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Two different surfactants (saponin and Tween 80) were also tested to enhance

PCBs desorption and removal efficiency from a contaminated soil in the

two-compartment ED setup (Gomes et al. 2014a). The soil was stirred in a slurry

with 1 % surfactant, 10 mL of nZVI commercial suspension, and a voltage gradient

of 1 V cm�1. The results showed that, in the tested conditions, saponin allowed to

obtain higher PCB removal from soil when compared with Tween 80 (Gomes

et al. 2014a). The most efficient removal (76 %) was obtained with saponin with

current and iron nanoparticles, while the lowest removal was obtained with Tween

80 and nZVI (8 % removal), without application of a direct current. This removal is

consistent with previous studies that showed that Tween 80 was one of the surfac-

tants with the least efficient degradation of 1-(2-chloro-benzoyl)-3-

(4-chlorophenyl) urea by nZVI, when compared with Triton X-100, Tween

20, sodium dodecyl sulfonate (SDS), and cetyltrimethylammonium bromide

(CTAB), probably due to the effect of the hydrophobic chain length (Zhou and

Lin 2013). Comparing the energy consumption of the experiments, calculated

according to Sun et al. (2012), Tween 80 has higher energy consumption when

compared with saponin (Gomes et al. 2014a). Added to the low removal percent-

ages, this also contributes to show that Tween 80 is not a suitable surfactant to use

with PCB, despite the good results obtained for PAH with this method (Lima

et al. 2012).

Two different soils (Table 17.1), historically contaminated with PCB, were used

in experiments using the two-compartment ED setup (Gomes 2014). Soil 1 was

provided by a hazardous waste operator in Portugal and is a mixture of

Fig. 17.6 Average concentration of PCB congeners (PCB28, 52, 65, 101, 138, 153, 180, 204 and

209) in soil before and after the experiments, using the three-compartment cell and the

two-compartment cell. Percentages on the top of each column represent PCB removal regarding

the sum of congeners analyzed in the initial soil (Gomes 2014; Gomes et al. 2015)
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contaminated soils from industrial sites with transformers oils spills. Soil 2 is a

surface soil sampled in a decommissioned school in Region Hovedstaden (Capital

Region of Denmark), and the PCB resulted from the weathering of the windows

joint sealants used in 1955–1977 (Jensen 2009).

The results of PCB removal were different according to soil type. Soil 1 has the

higher PCB removal without saponin, only with direct current, stirring and nZVI

(83 %). In soil 2, the highest removal was obtained only with nZVI and saponin.

The highest removal percentage in Soil 1 can be related to the pH of the soil slurry

during the experiments. The initial soil pH and carbonate content allowed to

maintaining the pH between 6 and 7 for about half the time of the experiment. In

the experiments with Soil 2, the pH values turn acidic faster (~30 h after the

beginning of the experiment), and this contributes to the corrosion of the iron

nanoparticles. This is also consistent with the higher PCB removal obtained in

Table 17.1 Physical and chemical characteristics of the soils (Gomes 2014)

Parameter Soil 1 Soil 2

Particles distribution (%)

Coarse sand (200<Ø< 2000 μm) 19.1 3.2

Fine sand (20<Ø< 200 μm) 67.3 69.6

Silt (2<Ø< 20 μm) 12.7 23.6

Clay (Ø< 2 μm) 0.9 3.6

Textural classification Loamy sand Silt loam

pH (H2O) 12.2 8.20

Conductivity (mS cm�1) 18.76 0.221

Exchangeable cations (cmol(c) kg
�1)

Ca2+ 83.75 259.14

Mg2+ 3.2 9.75

K+ 26.88 7.36

Na+ 9.37 8.34

Sum of exchangeable cations (cmol(c) kg
�1) 123.2 284.59

Calcium carbonate (%) 18.0 1.3

Organic matter (%) 16.46 0.57

PCBsa (μg kg�1) 258� 24 156� 2

Metalsb (mg kg�1)

Al 20,980� 590 4952� 71

As 9� 2 0.6� 0.97

Cd 0.7� 0.1 0.4� 0.04

Cr 52� 3 2.5� 0.04

Cu 142� 95 10� 0.3

Fe 13,162� 301 6773� 97

Ni 32� 1 6� 0.3

Pb 45� 3 25� 0.9

Zn 2155� 40 135� 0.1
aSum of PCB 52, 65, 101, 138, 153, 180, 204, and 209
bAcid digestion with HNO3 according to the Danish Standard DS259
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Soil 2 without the direct current, and consequently, without acidification of the soil

slurry. The pH values in soil 2 reached 2.91–3.35, corresponding to less favorable

conditions to PCB dechlorination due to the corrosion of zero valent iron. In all the

experiments where nZVI was added, higher pH values were measured in the

suspension. Also, in the experiments without direct current the pH values showed

very little variation.

17.3.4 Overview of the Main Results

Table 17.2 summarizes the experimental conditions and main results obtained for

the PCB electroremediation with iron nanoparticles. The results show that the soil

characteristics are critical and affect the reaction between nZVI and the PCB, as

well as the iron transport under electric fields. The use of surfactants as an

enhancement method of electrokinetic coupled with nZVI needs to be carefully

assessed, to minimize the inhibitory effect of the surfactants on iron nanoparticles

reactivity. Combining surfactant and nZVI originated less successful remediation

than combining surfactant and electrodialytic remediation. The use of surfactants as

enhancements may be a poor choice and needs to be previously assessed.

17.4 Conclusions

The characteristics that led to a widespread use of PCB, in various industrial and

domestic applications, do present a challenge for the remediation of contaminated

soils and sediments. Following PCB entrance into the soil environment, they

rapidly adsorb to mineral and organic matter (solid phases). The ability to desorb

these contaminants determines, in most cases, the effectiveness of the remediation

technologies. Currently, there is no cost-effective alternative to landfilling and

incineration of PCB-contaminated soils. Also, there is no single, portable tech-

nology that is applicable to both ex situ and in situ remediation of PCB in

contaminated soils and sediments. Each case is unique and several factors must

be considered. The success of the treatment is dependent on proper selection,

design, and adjustment of the remediation technology, based on the congeners

present, soils properties and the system performance. The combined use of

remediation technologies and the so-called treatment trains is a promising

approach for persistent contaminants.

The use of nanoremediation in conjunction with electrokinetics showed limited

results in the traditional electrokinetic setup, even with bimetallic Fe/Pd

nanoparticles. However, the new electrodialytic setup allowed PCB dechlorination

from contaminated soil ex situ at a higher percentage, in a shorter time, with lower

nZVI consumption, and with the use of half of the voltage gradient when compared

with the traditional electrokinetic setup. In addition, there is no need to treat and
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dispose of the anolyte. Still, additional testing with different soils, repeated appli-

cation of the technique on the same material (also with different duration experi-

ments), testing of enhancement methods and further optimization and scale-up of

the process are needed to prove the versatility of the electrodialytic setup.
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Chapter 18

Removal of Pharmaceutical and Personal
Care Products in Aquatic Plant-Based
Systems

Ana R. Ferreira, Nazaré Couto, Paula R. Guedes, Eduardo P. Mateus,
and Alexandra B. Ribeiro

18.1 Introduction

18.1.1 Pharmaceutical and Personal Care Products
Contamination

A set of organic contaminants, especially pharmaceuticals and personal care products

(PPCPs), are daily discharged into the aquatic system, due to its worldwide consump-

tion (Barcel�o and Petrovic 2007). These compounds are an extraordinary diverse

group of chemicals used in veterinary medicine, agricultural practices, human health

and cosmetic care (Barcel�o and Poschenrieder 2003). The use of PPCPs is growing, as
they are used not only for treatment but also for prevention of illnesses. Therefore,

new pharmacologically active substances are being constantly developed with

unknown fates and effects on the environment. These reveal pharmaceuticals as

continuous emerging pollutants (Cunningham et al. 2006).

One of the major sources of PPCPs in the aquatic environment is the effluent

dischargefromwastewater treatmentplants (WWTPs),wherePPCPsarenotcompletely

removed during wastewater treatment (Onesios et al. 2009). Several studies have

presented evidence that somepharmaceuticals are not efficiently removed in themunic-

ipal WWTPs and are, thus, discharged as contaminants into the receiving water bodies
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(Aga 2008; Fent et al. 2006; Heberer 2002). The WWTPs receive wastewaters that

contain a lot of different trace polluting compounds, for which conventional treatment

technologies have not been specifically designed (Verlicchi et al. 2012).

The PPCPs removal rates vary depending on the wastewater treatment technol-

ogy used and the compound selected. In fact, removal efficiencies of some biode-

gradable pharmaceuticals such as triclosan (TCS) in WWTPs may typically be

quite high (in some cases, up to 90 %). Still, this is not sufficient to satisfactorily

reduce contamination as the remaining amounts of pharmaceutical after the treat-

ment may still be too high for discharge in receiving water bodies (Aga 2008; Fent

et al. 2006; Heberer 2002). This is because PPCPs are referred to as “pseudo-

persistent” contaminants (i.e. high transformation/removal rates are compensated

by their continuous introduction into the environment) and often have the same type

of physico-chemical behaviour as other harmful xenobiotics (persistence in order to

avoid the substance from becoming inactive before having a curing effect, and

lipophilicity in order to be able to pass through membranes) (Zhang et al. 2013a).

The widespread uses of PPCPs such as caffeine (CAFF), oxybenzone (HMB)

and TCS, coupled with their physico-chemical characteristics, and their generally

inefficient removal from WWTPs, may cause their spread into the sewage system

from where they can be potentially released for the aquatic environment

(WFD-UKTAG 2009; Aga 2008; Fent et al. 2006; Heberer 2002).

18.1.1.1 Caffeine

1,3,7-Trimethylpurine, CAFF, is a purine alkaloid and one of the most widely

consumed drugs in the world (Buerge et al. 2003). Buerge et al. (2003) demon-

strated that CAFF was a suitable anthropogenic marker of domestic sewage con-

tamination in surface waters due to its distinctive sewage origin, and ubiquitous and

elevated consumption pattern in the human population.

18.1.1.2 Oxybenzone

2-Hydroxy-4-methoxybenzophenone, HMB, occurs naturally in flower pigments

and is synthesized for use in sunscreens, as a UV stabilizer in various cosmetic

products, and in plastic surface coatings and polymers (Magi et al. 2012).

18.1.1.3 Triclosan

5-Chloro-2-(2,4-dichlorophenoxy)phenol, TCS, is an ingredient added to many con-

sumerproducts to reduceorpreventbacterialcontamination. Itmaybefoundinproducts

such as clothing, kitchenware, furniture and toys. It also may be added to antibacterial

soaps and bodywashes, toothpastes and some cosmetics (Ying andKookana 2007).
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18.1.1.4 PPCPs in the Aquatic Environment

Several studies have reported the frequency and concentration of various PPCPs in

the aquatic environment, with CAFF and TCS among the most frequently detected

compounds (Fent et al. 2006). A study performed by Blair et al. (2013) showed the

presence of 54 PPCPs in surface waters and sediments in a distance of 3.2 km from

one WWTP. In total, 32 PPCPs were detected in Michigan Lake, 30 detected in

sediment samples, and many of them still detected more than 3.2 km away from the

WWTP. CAFF and TCS were two of the four PPCPs with a frequency higher than

50 % in all sampling sites in Lake Michigan: CAFF (97.6 %) and TCS (71.4 %).

Similarly, Kolpin et al. (2002) compiled information about the occurrence of

PPCPs and other organic contaminants in wastewater and water resources. CAFF

was detected at a rate of 70 % and TCS of 60 %.

Table 18.1 shows some values reported in the literature for the occurrence of

CAFF, HMB and TCS in the aquatic environment.

Despite their low concentrations in the aquatic environment, the ecotoxicolog-

ical effects of pharmaceuticals are unpredictable because of the large number of

compounds possibly present in that medium and due to the fact that they were

designed as biologically active molecules (Fent et al. 2006). It is known that the

increasing ecotoxicological impacts on organisms, either in the aquatic or in the

Table 18.1 Concentrations of caffeine, oxybenzone and triclosan detected in different waters

Contaminant Type of water

Concentration

(μg L�1) References

Caffeine (CAFF) Influent 7–73 Buerge et al. (2003)

Effluent 0.15–11.4 Aga (2008)

6.0 Kolpin et al. (2002)

0.03–9.5 Buerge et al. (2003)

Superficial

water

0.11–1.39 Blair et al. (2013)

0.01–0.25 Buerge et al. (2003)

Groundwater 0.23

Oxybenzone

(HMB)

Effluent 0.081–0.61 Aga (2008)

3� 10�5–

3.6� 10�4
Loraine and Pettigrove (2006)

Superficial

water

0.11 Aga (2008)

Triclosan (TCS) Influent 0.38–3.36 Aga (2008)

Effluent 0.106–0.321 Aga (2008)

0.02–0.43 Ying and Kookana (2007)

1–10 Lindstr€om et al. (2002)

Superficial

water

0.07 Kolpin et al. (2002)

0.01–0.06 Blair et al. (2013), Aufiero

et al. (2012)

1.4� 10�3–0.07 Lindstr€om et al. (2002)

Groundwater <4� 10�4 Lindstr€om et al. (2002)
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terrestrial environment, may include the development of antimicrobial resistance,

decrease in plankton diversity and inhibition of growth of human embryonic cells

(Klamerth et al. 2010; Reinhold et al. 2010; Fent et al. 2006). So, there is an

increasing need of environmental friendly alternatives for PPCPs removal from

wastewater for searching for higher removal efficiencies at reasonable costs.

18.1.2 Physical and Chemical Characteristics

Fate and effects of PPCPs depend on their structural characteristics and physico-

chemical properties (Susarla et al. 2002).

18.1.2.1 Octanol–Water Partition Coefficient

The octanol–water partition coefficient (Kow), which is the ratio of the concentra-

tion of unionized compound between octanol and water, has been adopted as the

standard measure of hydrophobicity of a chemical compound (Reinhold et al. 2010;

Burken and Schnoor 1998).

A high Log Kow corresponds to high hydrophobicity. Extremely hydrophobic

molecules Log Kow> 3, like HMB and TCS, are tightly bound to soil organic matter

and do not dissolve in the soil pore water (Pilon-Smits 2005).

Organics with moderate to high water solubility (Log Kow< 3) will be able to

migrate in the soil pore water to an extent that is inversely correlated with their Log

Kow (Pilon-Smits 2005).

Hydrophilic compounds (Log Kow< 1) as CAFF (Log Kow¼�0.77) would not

be significantly absorbed by plants (Burken and Schnoor 1998). For the author

Pilon-Smits (2005) organic compounds with 0.5<Log Kow< 3 have adequate

properties to move through cell membranes and the plants transpiration stream,

thereby being easily taken up by the plants. However, recent studies have shown

otherwise. Dettenmaier et al. (2009) and Zhang et al. (2013b) have shown that

highly soluble hydrophilic organic compounds are more likely to be absorbed by

plant roots and translocated into the tissues. These data led to a new model of plant

root uptake potential, which states that compounds with Log Kow< 0.5 present the

greatest potential for root uptake and translocation.

18.1.2.2 Organic Carbon Partition Coefficient

The organic carbon partition coefficient (Koc) is defined as the ratio of the mass of

contaminants adsorbed by unit weight of organic carbon in the soil, with the

concentration in solution. The Koc values give an indication of the mobility of organic

compounds in the soil. Low values of Log Koc are related to mobile compounds like

CAFF unlike the HMB and TCS (Grathwohl 1990 in Zhang et al. 2013a).
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18.1.2.3 Henry Constant

Another property of chemical compounds that affects movement in soils is volatility.

The volatility is expressed by Henry’s constant (Hi) derived from the vapour pressure

of the compounds and water solubility (in mg L�1). Pollutants with Hi> 10�4 tend to

move in the air spaces between soil particles, whereas pollutants with Hi< 10�6 move

predominantly in water. If Hi is between 10�4 and 10�6, compounds are mobile in

both air and water (Pilon-Smits 2005).

Table 18.2 shows some of the most relevant physical and chemical properties of

these contaminants.

18.2 Phytoremediation

Environmental pollution by organic compounds such as PPCPs is a global

problem. Therefore, the development of efficient remediation technologies that

cause minimal damage to the environment is of great importance (Abhilash

et al. 2009).

The use of plants to remediate contaminated systems is not a new technique and

started to be developed in the 1950s. The term phytoremediation appeared in 1980

but the expansion in this area began only in the 1990s (McCutcheon and Schnoor

2003; Cunningham and Berti 1993). Phytoremediation is based on the use of plants

for in situ environmental clean-up (Pereira et al. 2007; Pilon-Smits 2005; Newman

and Reynolds 2004; Meagher 2000; Salt et al. 1998).

The fact that phytoremediation is a solar-driven technology, and thus more

sustainable, usually carried out in situ contributes to its cost-effectiveness. It allows

the reduction exposure of the polluted substrate to humans, wildlife and the

environment. Phytoremediation also enjoys popularity with the general public as

a “green clean” (Pilon-Smits 2005).

Furthermore, phytoremediation offers other benefits at contaminated sites. It

increases the soil microbial activity, stabilizes soil reducing erosion and protects the

soil of direct sunlight.

Phytoremediation has advantages but also limitations. The time needed for

successful phytoremediation is an important factor that needs to be taken into

consideration for practical applications. Phytoremediation is also highly related to

the growth and plant metabolism (which in turn is dependent on genetic and

environmental factors) that, in combination with soil characteristics and environ-

mental conditions, strongly influence the rate of the remediation process (Pilon-

Smits 2005; McCutcheon and Schnoor 2003; Susarla et al. 2002).

The soil properties, toxicity level and climate should allow plant growth.

Phytoremediation may also be limited by root depth and bioavailability of pollut-

ants (Susarla et al. 2002; Dietz and Schnoor 2001).

18 Removal of Pharmaceutical and Personal Care Products in Aquatic. . . 355



T
a
b
le

1
8
.2

P
h
y
si
co
-c
h
em

ic
al

p
ro
p
er
ti
es

o
f
ca
ff
ei
n
e,
o
x
y
b
en
zo
n
e
an
d
tr
ic
lo
sa
n

C
o
m
p
o
u
n
d
s

C
at
eg
o
ry

C
h
em

ic
al

st
ru
ct
u
re

M
o
le
cu
la
r
w
ei
g
h
ta

(g
m
o
l�

1
)

S
o
lu
b
il
it
y
b
(m

g
L
�1

at

2
5

� C
)

L
o
g

K
o
w
a
–
c

L
o
g

K
o
c
b
,d

H
ib
,d
(P
a
m

3
m
o
l�

1
at

2
5

� C
)

C
af
fe
in
e

S
ti
m
u
la
n
t

1
9
4
.1
9

2
.1
6
�
1
0
4

�0
.0
7

1
3
.5
8
�
1
0
�1

1

O
x
y
b
en
zo
n
e

F
ra
g
ra
n
ce

in
g
re
d
ie
n
t

2
2
8
.2
4

6
9

3
.8

2
.7

1
.5
0
�
1
0
�8

T
ri
cl
o
sa
n

A
n
ti
se
p
ti
c

2
8
9
.5
5

1
0

4
.7
6

3
.9
6

2
.4
�
1
0
�
7

a
S
ig
m
a-
A
ld
ri
ch

(2
0
1
4
)

b
P
u
b
ch
em

(2
0
1
4
)

c
Z
h
an
g
et

al
.
(2
0
1
3
a)

d
W
F
D
-U

K
T
A
G

(2
0
0
9
)

356 A.R. Ferreira et al.



Although phytoremediation has been primarily applied for the removal of

inorganic pollutants in the soil, this technology has proven to be effective in the

treatment of organic pollutants such as chlorinated solvents, petroleum hydrocar-

bons including polycyclic aromatic hydrocarbons (PAHs), pesticides and herbi-

cides, radioactive chemicals, industrial organic waste and explosives (Couto

et al. 2011; Pilon-Smits 2005; Newman and Reynolds 2004; Williams 2002;

Meagher 2000; Salt et al. 1998).

Table 18.3 presents a SWOT (strengths, weaknesses, opportunities and threats)

analysis of the technique here discussed.

18.2.1 Phytoremediation Processes

Phytoremediation is an efficient clean-up technology for a variety of contaminants

that can be achieved by plant roots and subjected to various mechanisms:

immobilized, sequestered, degraded or metabolized in place, either inside or out-

side the plant, depending on the type of contaminant (Cameselle et al. 2013; Susarla

et al. 2002; Dietz and Schnoor 2001). These processes are illustrated in Fig. 18.1.

Table 18.3 SWOT analysis

Strengths Weaknesses

– In situ – Influenced by the weather and climate con-

ditions of the site

– Solar driven – Treatment time (generally, longer than

physico-chemical methods)

– Conserves natural resources – Limited by root action

– Low cost

– Implementation with little or no environ-

mental disturbances

– Environmental benefits, e.g. controlling soil

erosion, carbon sequestration and habitat

– Application over large areas where other

technologies are not viable

– Versatility to treat a wide variety of haz-

ardous materials

– Possibility tore-use the soil

Opportunities Threats

– High public acceptance – High concentrations of contaminants can be

toxic to plants and animals that consume the

plants

– Possibility of combination with other

techniques

– Contaminants may be mobilized into the

ground water

– Aesthetically attractive – Toxicity and bioavailability of biodegrada-

tion products is sometimes unknown– The biomass produced can be economically

valued in raw material for various activities
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The term phytostabilization refers to the use of plants to stabilize pollutants in

soil, either simply by preventing erosion, leaching, or runoff, or by converting

pollutants to less bioavailable forms (e.g. via precipitation in the rhizosphere).

Plants can also be used to extract pollutants and accumulate them in their tissues,

followed by harvesting of the (above ground) plant material. This technology is

called phytoextraction. The phytostimulation or rhizodegradation is the degradation

of organic contaminants near the root mass by bacteria and fungi, which activity is

stimulated by the root exudes and enzymes released by the plants (USEPA 2000).

Plants can also degrade organic pollutants directly via their own enzymatic activ-

ities, a process called phytodegradation. After uptake in plant tissue, certain

pollutants can leave the plant in volatile form, this is called phytovolatilization.

These various phytoremediation technologies are not isolated and may occur

simultaneously; for instance, accumulation, stabilization and volatilization can

occur together. Because the processes involved in phytoremediation occur natu-

rally, vegetated polluted sites have a tendency to clean themselves up without

human interference (Pilon-Smits 2005).

Some of the factors affecting chemical uptake and distribution within living

plants include: (1) physical and chemical properties of the compound (e.g. water

solubility, vapour pressure, molecular weight and octanol–water partition

Fig. 18.1 Possible fates of contaminants during phytoremediation (Adapted from Pilon-Smits

2005)
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coefficient); (2) environmental characteristics (e.g. temperature, pH, organic matter

and soil moisture content); (3) plant characteristics (e.g. root system, type of

exudates) (Pilon-Smits 2005).

18.2.2 Wetlands

Wetlands encompass a broad range of ecosystems ranging from submerged coastal

grass beds to salt marshes, swamp forests and boggy meadows. In the present

chapter, the term “wetlands” refers to transition zones between terrestrial and

aquatic systems with soils water saturated or covered by shallow water along

with characteristic wetland plant species.

Surface waters, like salt marsh areas, are considered sinks for pollutants due to

the continuous discharge of treated effluents from the WWTPs. This is of major

concern as wetlands provide an ecologically important environment and numerous

benefits for humans (Boorman 1999). These important ecosystem services are often

at risk due to the anthropogenic inputs from upstream catchments as well as from

metropolitan areas and industries located at the vicinity of those areas. The impor-

tance of salt marsh ecosystems and their capability for degrading pollutants makes

imperative the pursuit of remediation strategies to favour the recovery of coastal

sediments. Therefore, the application of adapted strategies that cause the minimum

environmental and ecological impact is needed to restore these contaminated areas.

Reboreda and Caçador (2007b) say that retention of suspended particles by

marsh vegetation acts as a trap for many contaminants reducing the availability

of the same in the ecosystem.

Assessing the phytoremediation potential of wetlands is complex due to variable

conditions of hydrology, soils/sediment types, plant species diversity, growing

season and water chemistry. The remediation and restoration of contaminated

sites requires a detailed understanding of how contaminants and plants behave in

a particular ecosystem, before remedial activities could be carried out (Punshon

et al. 2003).

18.2.3 Constructed Wetlands

There are two types of wetlands, the natural occurring ones and those that have been

purposely constructed. Constructed wetlands (CWs) are defined as engineered

wetlands that utilize natural processes involving wetland vegetation, soil and their

associated microbial assemblages to assist, at least partially, in treating wastewater

or other polluted water sources (Helt et al. 2012).

Sustainable wastewater treatment technologies such as CWs have been receiving

increasing attention due to their ability to remove a large variety of pollutants

(Matamoros et al. 2008; Williams 2002).
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With the unique advantages of low-cost, simple operation/maintenance, and

environmental friendliness, aquatic plant-based systems have a long history for

treatment of all kinds of wastewater (Zhang et al. 2013a; Vymazal 2005).

These technologies can be used for primary, secondary and tertiary treatment of

municipal or domestic wastewaters, storm water, agricultural and industrial waste-

waters (such as landfill leachate, petrochemicals, food wastes, pulp and paper) and

mining, usually combined with an adequate pretreatment (Mackova et al. 2006;

Kadlec et al. 2000).

Once in wetlands, contaminants are subjected to a variety of removal mecha-

nisms and processes including microbial degradation, photodegradation, plant

uptake and physical interactions (Matamoros et al. 2005). However, to date there

are only a few reports on the ability of CW systems to reduce concentrations of

pharmaceutical compounds and very few studies on the use of the physico-chemical

properties of these compounds for predicting their fate in CWs (Matamoros

et al. 2008). CWs have been often viewed as a “black box”, with only influent

and effluent concentrations measured to gauge performance and without detailed

studies on the actual fate of the compounds or their removal pathways. Addition-

ally, the specific roles played by microbial degradation, photodegradation and plant

uptake with aquatic plants to remediate PPCPs (Zhang et al. 2013a).

CWs have shown higher efficiencies in removing pharmaceuticals from waste-

waters compared with conventional wastewater treatment processes with plants

having an important role in the removal of some of those compounds (Carvalho

et al. 2012; Matamoros et al 2012; Dordio et al. 2011; Matamoros et al. 2007). For

example, Dordio et al. (2010) achieved a removal of 96 % in selected PPCPs:

ibuprofen, carbamazepine and clofibric acid and Matamoros et al. (2012) reported

between 83 and 96 % removal of CAFF in systems with macrophytes beds

(opposing to the ratio reported in the absence of plants: 0–30 % removal).

The choice of substrate in CWs is of major importance as it supports living

organisms and provides storage for many contaminants. The substrates can be natural,

such as gravel, sand and organic materials including compost and waste material. Its

permeability affects the wastewater flow through the CW, and is where chemical and

biological transformations occur, either bymicroorganisms or plants (Korkusuz 2005).

Light expanded clay aggregates (LECA) are thus being increasingly considered as

alternative low-cost adsorbents for organic pollutants (Dordio et al. 2007). LECA is

an artificially modified natural material that is produced by subjecting clay materials

to a high temperature treatment, causing injected CO2 to expand within the clay

aggregates and thus creating a highly porous, lightweight material LECA is mainly

used for construction purposes but over the last years it is also being used for different

types of water and wastewater treatment processes such as filtering and in CWs

(Dordio et al. 2009a, b; Brix et al. 2001). Previous studies have shown that LECA are

able to remove by sorption PPCPs from water and wastewater and adequate for the

development of plants and microorganisms (Dordio et al. 2007, 2009a, b, 2010),

while other more commonly used media such granitic gravel showed almost no

capacity to sorb it (Matamoros et al. 2008; Matamoros et al. 2005).
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18.2.4 Macrophytes Plant Species: Remediation Potential

For phytoremediation to be successful it is necessary that the selected plant species

exhibit a deep and dense root system, ability to grow in various environments,

considerable growth rate and biomass production (especially for metals) and

resistance to pests and diseases (Douglas and Rats 2007; Pilon-Smits 2005).

Some macrophyte species of plants have these characteristics. Macrophytes play

a vital role in healthy ecosystems because they serve as primary producers of

oxygen through photosynthesis, provide a substrate for algae and shelter for many

invertebrates, aid in nutrient cycling to and from the sediments, and help stabilize

river and stream banks. Furthermore, these species have a variable capacity for

nutrient uptake and heavy metals accumulation also affecting the functioning and

structure of bacterial communities involved in the removal of contaminants (Ruiz-

Rueda et al. 2009).

Tagus estuary is mainly colonized by macrophyte species Halimione
portulacoides and Spartina maritima, occupying different areas of the estuary

(Duarte et al. 2007). The complex systems that constitute salt marsh sediments

may be strongly influenced by plant activity. The species S. maritima is distributed
in the lower areas, while H. portulacoides colonizes the central areas. This fact

increases the differences between the chemical characteristics of the sediment, and

the different times of submersion (Reboreda and Caçador 2007a). The study

performed by Caçador et al. (2000) showed that in this estuary the sediments

between the S. maritima roots concentrate more metals than the sediments between

H. portulacoides roots. In plant tissues there was an opposite trend. Thus, it was

concluded that the use of S. maritima and H. portulacoides for the

phytoremediation of marshes contaminated with metals may be applied in two

different perspectives: (1) phytostabilization of metals in rizhosediments or

(2) phytoextraction through accumulation in the tissues of the aerial parts of the

plant, followed by plant harvesting.

Previous studies have also demonstrated that macrophyte species have a positive

role in the removal of organic contaminants like PPCPs (Zarate et al. 2012; Hijosa-

Valsero et al. 2010a).

Hijosa-Valsero et al. (2010b) reported that Phragmites australis was more

efficient than Typha angustifolia for the removal of ibuprofen and CAFF. Stevens

et al. (2009) evidenced that different plant species may accumulate TCS, methyl-

triclosan (MTCS) and triclocarban (TCC). To date, there is little information

regarding the ability of different macrophyte species to bioaccumulate pharmaceu-

ticals and which aquatic plant species may maximize the pharmaceutical elimina-

tion rates (Zarate et al. 2012).

According to literature, the choice of plants is also an important issue, since the

metabolic activity in the plant rhizosphere releases oxygen, which helps nitrifica-

tion process through direct absorption of nutrients. In turn, the access and avail-

ability of nutrients affect plant response in terms of growth and resource allocation,

a fact that will influence the removal efficiency in salt marsh areas (Zhang

18 Removal of Pharmaceutical and Personal Care Products in Aquatic. . . 361



et al. 2013a). The species of plant S. maritima presents a significant rhizome

structure, with adventitious roots borne in it, andH. portulacoides presents a fibrous
and dense root system.

Even within the same plant species, the biomass can influence the process of

removing the contaminants. Carvalho et al. (2012) reports that a higher percentage

of biomass corresponds to a higher removal percentage. In this sequence, we can

say that the remediation values for both the H. portulacoides as for S. maritima
could be higher between July and September or January and March (when there are

the largest underground biomass values) in relation to time of the study, October

and November. Although the several reported studies the performance between

different macrophyte species for PPCPs removal has not been well demonstrated

(Zhang et al. 2013a).

18.3 Case Studies

In this chapter, is also given an overview of the research performed by the team.

The first case study is based on the simulation of salt marsh aiming to understand

the behaviour of the selected PPCPs (CAFF, HMB and TCS) in natural environ-

ments and to assess the potential of S. maritima and H. portulacoides to remediate

the target contaminants. The second case study is with the same plant species but

searching for its potential on constructed wetlands and the use of LECA as support

media for the CW.

18.3.1 Experimental Procedure

Case study 1: Two sets of experiments with S. maritima and H. portulacoides were
carried out during 10 days in parallel with different media: set I consisted of only

sediment elutriate (E) and set II consisted of sediment mixed with the respective

elutriate (ES).

Elutriate (E) is a simpler medium which might mimic hydroponic plant exposure

to contaminants for phytoremediation purposes and would facilitate the interpreta-

tion of results. Experiments carried out with sediment soaked in the respective

elutriate (ES) allowed simulation of nutrients and contaminants exchange among

plants, solution and sediment, as in the natural environment.

The plants, water and colonized sediment were collected in October of 2013 at

low tide from a salt marsh, located in the Tagus Estuary, Portugal (38�36059.3900N;
9�02033.4100W).

Case study 2: A microcosm CWs system was prepared with LECA, deionized

water (H2O) and planted with S. maritima were used to evaluate their ability to

remove CAFF, HMB and TCS. The S. maritima plant species was chosen as it

presented a good performance in the previous work.
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The sorption of LECA was evaluated during 3 and 7 days. The mass of

contaminants found in the different matrices at the end of the experiment was

compared with the mass added at the beginning of the experiment in order to obtain

removal percentages in the liquid and solid phases.

Experimental design of the assay is shown in Fig. 18.2.

18.3.2 General Procedure

In both case studies, all microcosms were wrapped in aluminium foil to simulate a

real system (no light penetration at substrate level, preventing photodegradation of

the compounds).

Groups of plant species were homogeneously distributed by different treatment

and exposed to the media spiked with 1 mg L�1. Control experiments without plants

and plants without contamination (to assess the vigour of the plants) were also

carried out in parallel. At the end of the experiments, plant stress indicators were

obtained by evaluating the levels of chlorophylls a, b and carotenoids in plant

leaves, according to the procedure of Lichtenthaler and Wellburn (1983).

Gas chromatography with flame ionization detection (GC-FID) and high perfor-

mance liquid chromatography (HPLC) were used to quantify the levels of different

contaminants in the studied matrices.

18.3.3 Case Study 1: Potential of Two Salt Marsh Plants
for PPCPs Remediation in Contaminated Salt Marsh
Areas

The percentage of each contaminant present in different phases, liquid phase and

sediment, at the end of the experiments are presented in Table 18.4 (Couto

et al. (Submitted)).

E/ES

Plant

E/ES
CAFF

HMB

TCS

LECA 

H2O II

Plant

LECA

H2O II

Plant

H2O II

Case study 2Case study 1

10 days 3 and 7 days 7 days

Fig. 18.2 Experimental design of the work with each experimental treatment carried out in

triplicate
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The results show that the contaminants have different behaviours which might

be explained by physical and chemical characteristics. Hydrophobic compounds

like HMB and TCS showed that can be adsorbed onto the organic matter present in

the granular medium (sediment) and become more recalcitrant to biodegradation

resulting in high accumulation on the medium. Whereas, hydrophilic compounds

(Log Kow< 1), as CAFF, are removed by different processes like biodegradation

and plant uptake (Zhang et al. 2013b, c; Garcı́a et al. 2010; Buerge et al. 2003).

The authors Burken and Schnoor (1998) reported that hydrophilic compounds

would not be significantly absorbed by plants. This fact is coincident with the

results obtained in the presented study (Couto et al. (Submitted)), where in the E

experiment, only a small percentage of CAFF was remediated in the presence of

plants. However, the presence of sediment (ES treatments) and plants appear to

have stimulated CAFF remediation due to possible interactions between them

(Couto et al. (Submitted)). It is not expected that CAFF adsorbs to the sediment

(Log Kow¼�0.07 and Log Koc¼ 1). Instead it should solubilize (solubility of

2.16� 104 mg L�1) being present in the liquid phase. It is not expected that

photodegradation has a significant influence on the degradation of this compound

as it does not absorb light at wavelengths exceeding 290 nm (PubChem 2014).

The contaminants HMB and TCS showed a different behaviour from CAFF. In E

assay, HMB and TCS remediation seem to be enhanced in the presence of plants,

when the experiment was conducted in the elutriate (Couto et al. (Submitted)).

These results can be explained by the characteristics of the compounds (e.g. Log

Kow). It is expected that these contaminants may adsorb to plant roots but it is not

expected to be absorbed (Sect. 18.1.2).

When the experiments were carried out with elutriate and sediment (ES) the

unvegetated sediment (control) presented higher concentrations of HMB and TCS,

compared to the vegetated sediment (Couto et al. (Submitted)). The contaminants

may have adsorbed to the plant root and sediment where it may have been

biodegraded. This behaviour is explained by the physico-chemical characteristics

of the compound: high hydrophobicity (Log Kow> 3) and low solubility.

These results suggest that the presence of plants may have stimulated the

bio/rhizoremediation of contaminants. The “rhizosphere effect” is caused by phys-

ical (e.g. gas exchange) and chemical (exudates) processes resulting from the

interaction between plant roots and sediments (McCully 1999). This favourable

habitat for microorganisms in the root zone of plants can lead to increased degra-

dation of contaminants by specific microorganisms.

As for abiotic factors, the contaminants HMB and TCS are susceptible to suffer

photodegradation (PubChem 2014). The HMB and TCS control in E assay showed

3 % and 25 %, respectively, enhanced by the photodegradation remediation. The

other abiotic factors were considered low or even negligible because the adsorption

of compounds to the walls of the containers was about 0.02 % and the volatilization

is not expected to be an important fate process given an estimated Henry’s Law.
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18.3.4 Case Study 2: Pharmaceuticals Removal Efficiency by
the Microcosm Constructed Wetlands

The removal of PPCPs like CAFF, HMB and TCS in CWs can involve a diverse and

complex set of physical, chemical and biological processes. Optimization of CWs

for removal contaminants can be achieved by careful selection of its components,

such as the plant species used and the materials which compose the support matrix.

To date, only a few studies have been completed on the specific roles played by

microbial degradation, photodegradation and plant uptake in aquatic plant-based

systems used to remediate pharmaceutical compounds (Hijosa-Valsero et al. 2010a;

Matamoros et al. 2005).

18.3.4.1 Unplanted Beds

Figure 18.3 resumes of the removal percentage of each contaminant after 3 and

7 days of treatment relative to the initial concentration used in the study (1 mg L�1).

The results show that considerably high removals (44 % for CAFF, 69 % HMB and

48 % TCS) were attained after 3 days of treatment (Ferreira et al. (Submitted)).

After 3 days of experiment, the removal effectiveness started to decrease for the

more soluble compound because the absorption capacity of LECA decreases

(Ferreira et al. (Submitted)). This may be explained by high water solubility and

low hydrophobicity of compounds, as CAFF, which induces its presence in the

liquid phase instead of entrapped in LECA. However, for less soluble contaminant,

as TCS, the removal continues to increase substantially over time, achieving 80 %

after 7 days of treatment (more 32 % than the third day) (Ferreira

et al. (Submitted)).
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Fig. 18.3 Concentration (mg L�1) of CAFF, HMB and TCS, after 3 days and 7 days for assay with

LECA (mean� SD, n¼ 3) (Adapted from Ferreira et al. (Submitted))

366 A.R. Ferreira et al.



Sorption processes associated with the presence of LECA may be of major

importance to achieve this efficient removal, especially for hydrophobic com-

pounds. The previous work (Sect. 18.3.3) has shown that hydrophobic compounds

like HMB and TCS have properties (e.g. Log Kow and Log Koc) that allow their

adsorption onto the granular medium.

18.3.4.2 Planted Beds

The results for the assay with plants and LECA are shown in Fig. 18.4 (Ferreira

et al. (Submitted)).

The assay results with only plant suggest that plants can have an important role

in the remediation of less soluble compound with Log Kow> 3 (HMB and TCS).

The action of plants as an enhancing remediation agent is connected to the root

surface, where in the absence of solid surface, the contaminants adsorbed only the

roots of plants. These results are coincident with those obtained in the previous case

study (Sect. 18.2.3), where the plant also enhanced the removal of HMB and

specially TCS.

In addition, the presence of LECA, unlike the sediment, did not enhance TCS

removal. This can be justified by the absence of microorganisms in LECA that

would naturally occur in the sediment providing bio/rhizoremediation processes.
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Fig. 18.4 Pharmaceutical concentrations (mg L�1) detected in solution after 7 days for assays

only planted with S. maritima and planted beds (mean� SD, n¼ 3) (Adapted from Ferreira

et al. (Submitted))
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18.4 Conclusions

Due to contamination of PPCPs in aquatic systems is relevant demand for efficient,

economic and causing as little disturbance in the remediation process.

The results of phytoremediation experiments show that salt marsh plants,

H. portulacoides and S. maritime, have potential to remediate CAFF, HMB and

TCS. The performance of the two plants studied was similar. However, its charac-

teristics (morphological and physiological) may be a determining factor in the

choice of species to be applied in future remediation work.

The fate of PPCPs in aquatic plant-based system proved to be strongly influenced

by physico-chemical characteristics of them, which influenced the distribution of

substances between aqueous phase and solid surfaces, and consequently affects the

transport in aqueous environment and regulates their ultimate fate.

In the simulation of natural wetlands, due to its solubility and lipophilicity, CAFF

remained mostly in the liquid phase and was poorly remediate by plants during

10 days. However, the interaction between sediment and plant seemed to stimulate

CAFF remediation. The compounds with Log Kow> 3, HMB and TCS, undergo

different remediation mechanisms/environmental partitioning: photodegradation,

bio/rhizoremediation, adsorption to sediment and roots.

In the microcosms CWs, an important role in the removal processes was played

by LECA due to contaminants sorption to this solid matrix. The first period seems

to be most important stage of the whole sorption process. CAFF was observed to be

extensively absorbed by the LECA matrix in 3 days, although for HMB and TCS,

removal has to be attributed to adsorption.

Future research work is necessary to complement and substantiate the informa-

tion provided by the present studies.

Techniques such as bioaugmentation and biostimulation may be considered

initially in the laboratory and then in field scale. Furthermore, coupling the

phytoremediation with other process such as the electrokinetic process may

increase the availability of organic contaminants and to stimulate the microbial

community.

Additionally, more field investigations of the specific fate of a wider spectrum of

PPCPs in aquatic plant-based systems with wastewater are necessary, as well as,

performance of full-scale systems should be assessed. Further studies are needed in

order to better understand the mechanisms involved in PPCPs removal at the plant

level.
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Dordio AV, Estêvão Candeias AJ, Pinto AP, Teixeira da Costa C, Carvalho AJP (2009b)

Preliminary media screening for application in the removal of clofibric acid, carbamazepine

and ibuprofen by SSF-constructed wetlands. Ecol Eng 35:290–302

Dordio AV, Carvalho AJP, Teixeira D, Dias CB, Pinto AP (2010) Removal of pharmaceuticals in

microcosm constructed wetlands sing Typha spp. and LECA. Bioresour Technol 101:886–892
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Chapter 19

Phytoremediation of Inorganic Compounds

Bruno Barbosa, Jorge Costa, Sara Boléo, Maria Paula Duarte,

and Ana Luisa Fernando

19.1 Introduction

Inorganic compounds occur as natural elements in the earth crust and both natural

geological processes and human activities contribute to their dissemination in the

environment (Benjamin and Honeyman 1992). In the absence of human activities,

inorganic elements as heavy metals are leached in terrestrial and aquatic environ-

ments corresponding to natural rates for chemical and mechanic erosion (Alloway

1995; Benjamin and Honeyman 1992; McIntyre 2003). The use of municipal waste,

pesticides, fertilizers, emissions from waste incinerators, car emissions, steel,

metallurgical and petrochemical industries, the operation of nuclear facilities and

the fallout from nuclear weapons, mining, as well as construction are examples of

anthropogenic activities that induced large scale changes in natural environments,

altering the rate of release of inorganic compounds within the ecosphere, contrib-

uting significantly to the disturbance, degradation, contamination, and pollution of

the air, water systems, and worldwide soils, where ultimately these compounds tend

to deposit (Alloway 1995; Fergusson 1991; Garbisu and Alkorta 2003; He

et al. 2005; Kabata-Pendias 2011; Wuana and Okieimen 2011; Zhu and Shaw

2000). These factors and activities, sole or combined induce marginality to soils

(Dauber et al. 2012) reducing crop yields and quality of agricultural products,

posing an imminent risk to humans, animals, and the environment, via

bioaccumulation and transfer among trophic levels. Phytoremediation, the use of

vegetation with potential to remove or immobilize inorganic compounds, may

B. Barbosa • J. Costa • S. Boléo • M.P. Duarte
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provide a cost-effective option over physicochemical soil remediation techniques

(Lasat 2000; McIntyre 2003; Pilon-Smits 2005). Hyperaccumulator plants can be

used on phytoremediation as these plants are able to uptake contaminants at high

rates. However, yields are usually low, and the resulting biomass is not economi-

cally interesting to be explored. Therefore, the use of industrial crops (non-food

crops), tolerant to contamination, can be a viable approach to effectively clean

contaminated environments, as polluted soils and sediments, or polluted waters,

once significant yields can be obtained and the biomass being produced can be

economically valorized. This chapter tries to identify and describe the main con-

taminated sites localized in Europe, with more focus on contaminated soils, the

main activities that are releasing inorganic compounds to environment and related

risks to humans, animals, and environment, and the possibility to associate their

remediation with the generation of economic value by using plants

phytoremediation mechanisms. The main remediation technologies, and, in partic-

ular, the application of phytoremediation technology and their mechanisms as well

as the advantages and limitations of this approach are also discussed.

19.2 Inorganic Contamination, Remediation Technologies,
and Market for Phytoremediation Technologies

Contaminated sites inventory for inorganic contaminants as heavy metals and

radionuclides worldwide is still an ongoing process, being difficult to study market

opportunities for the application of phytoremediation projects. In Europe, for

example, many countries do not have national inventories and many of the meth-

odological approaches and remediation standards for soil contamination are inex-

istent (Lasat 2000; McIntyre 2003). Nevertheless, many efforts are being made in

order to overtake the lack of information. Recently, the elaboration of the “Geo-

chemical Atlas of Europe” that includes a database of about 3000 samples for

topsoil, floodplain sediments, stream sediments, and humus in addition with many

maps for inorganic elements in soils of Europe can provide a perspective on the

present status of pollution of the European soils (Lado et al. 2008), serving as a

basis for future phytoremediation projects. Yet, the use of phytoremediation tech-

nologies is limited in Europe as compared with the USA or Canada because:

(a) there is limited knowledge and poor dissemination; (b) current regulations do

not clearly consider phytoremediation as an applicable technology; (c) unfavorable

competition with standard clean-up methods; (d) lack of investments to encourage

private initiative; and (e) property rights, which hinder the development of these

kind of projects, with proved success in countries like the USA (Sharma and Pandey

2014). For all polluted soils, world remediation market values grew from 15–18

billion USD in 1998 to 50 billion USD in 2002 and specifically in the USA, markets

could generate 4.5–6 million from the phytoremediation of metals in soils and 0.5–1

million from phytoremediation of radionuclides (Lasat 2000; McIntyre 2003).

European market was estimated to be tenfold smaller than the US market (Lasat

2000). Lewandowski et al. (2006) studied the economic value of the
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phytoremediation process, taking into account the remediation results of willow

(Salix spp.) in Cd contaminated soils. The conclusions point to a positive economic

value for both producers and authorities when willows are used in

phytoremediation. That value is dependent on many factors, namely: (a) the meth-

odology used in the calculation; (b) the products obtained from the produced

biomass by phytoremediation; (c) soil and climatic conditions; (d) local financial

situation, the dynamics of local markets and the possibility of producing crops and

their products with high economic value; (e) the depreciation period, that means the

value that might be obtained until the soil remediation is complete; (f) the time

required to remediate the soil; (g) initial investment foreseen, driven by producers

in contaminated areas; (h) costs of phytoremediation, which depend on crop

production costs, with additional costs associated with the treatment of heavy

metals contained in the biomass and the income derived from the sale of biomass

and co-products.

Many research studies conducted by universities and research centers, national

bodies, etc., are being made in many countries, in order to provide information

about contaminated sites, type of contamination and appropriate approaches to their

remediation, as well as in order to overtake the referred limitations on the applica-

tion of phytoremediation technologies. Examples of areas with high occurrence of

local contamination with inorganic elements included the North-West Europe from

Nord-Pas de Calais, one of the most polluted canals in northern France, where total

metallic concentrations of cadmium, zinc, lead, or copper exceed several times

French standards (Sabra et al. 2011), the Rhein-Ruhr region in Germany (Ginneken

et al. 2007; Hüffmeyer et al. 2009), as well Belgium and the Netherlands. It is

estimated that in Belgium, 1.4 % of the total area (28,000 ha) is contaminated with

heavy metals (Meers et al. 2005), while in Germany, contamination with these

compounds reach 10,000 ha of farm land (Lewandowski et al. 2006). Other studies

suggest higher contamination in the Netherlands, Germany, and Poland with sev-

eral elements as Cr, Cu, Fe, Ni, Pb, V, and Zn (Herpin et al. 1996). Other

contaminated areas comprise the Saar region in Germany (Ginneken et al. 2007),

northern Italy (Bini et al. 2012; Giuseppe et al. 2014) and Iberian Peninsula

(Clemente et al. 2005; Costa and Jesus-Rydin 2001; Pratas et al. 2013), southern

Poland, Czech Republic and Slovakia (Ginneken et al. 2007) as well as Ukraine

(Shcheglov et al. 2014; Vystavna et al. 2014) and Bulgaria (Yordanova et al. 2014).

In many regions of Greece, there is a high level of soil contamination with multiple

metals including Cd and Ni resulting from intense mining and metallurgical

activities which take place on site for over 2700 years (Papazoglou et al. 2005).

According to official emission data, total anthropogenic emissions of lead in

European countries in 2004 were 5580 Mg and in the same year total deposition

of cadmium was estimated as 181 Mg (Ginneken et al. 2007). The main point of

these citations, made only in the European context, but with similar pattern world-

wide, highlights the fact that the main hot spots for soil contamination with

inorganic compounds as heavy metals and radionuclides are placed in the nearby

areas of all major urban agglomerations in Europe, and for sure, soil contamination

by heavy industries is not a marginal phenomenon.
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The presence of inorganic compounds in soils and in other media is carried out

by several human activities that: (a) change its generation rate via more faster and

larger manmade cycles; (b) change their original and well-known location in ore

mines to random environments and ecosystems where higher potential of direct

exposure may occur; (c) increase metal concentrations in the receiving ecosystems;

(d) may change the chemical form of the inorganic compound to other more

bioavailable (Wuana and Okieimen 2011). Metal mine tailings, municipal waste,

disposal of high metal wastes in landfills, emissions from waste incinerators, car

emissions, steel, metallurgical and petrochemical industries, construction, the

application of fertilizers, pesticides, animal manures, biosolids and compost to

soils, fossil fuel combustion residues, petrochemicals, atmospheric deposition, the

operation of nuclear facilities and the fallout from nuclear weapons, constitute main

activities that induced large scale changes in natural environments, changing the

rate of release of nutrients, heavy metals, and radionuclides within the ecosphere,

contributing significantly to the disturbance, degradation, contamination, and pol-

lution of the air, water systems, and worldwide soils, where ultimately these

compounds tend to deposit (Alloway 1995; Fergusson 1991; Garbisu and Alkorta

2003; He et al. 2005; Kabata-Pendias 2011; Wuana and Okieimen 2011; Zhu and

Shaw 2000).

The presence of inorganic compounds in soils, as well as in sediments, water

bodies, and in the atmosphere involve several risks, and there are also innumerous

scientific studies reporting causality relations between, e.g., heavy metal contam-

ination worldwide and the most diverse effects in human and animal health, as well

as environmental dysfunctions: DNA damage in animals and humans, teratogenic

effects, implications for the food chain and ecosystem functioning, soil erosion and

desertification, crop yield loss and fodder crop contamination, quality loss of

human semen, food contamination, surface and groundwater contamination, vari-

ous forms of cancers and Alzheimer, etc. (Barbosa et al. 2010; Giaccio et al. 2011;

He et al. 2005; Khlifi and Chaffai 2010; Lewis et al 2011; McClintock et al. 2012;

Pan and Wang 2012; Radwan and Salama 2006; Videa et al. 2009; Zoche

et al. 2010). The exposure to radionuclides may pose several threats to humans,

animals, plant species, and the environment. Many studies report threats in teeth

and bones of humans and animals (Almayahi et al. 2014; Hong et al. 2011; Marshall

et al. 2010), influences in biological parameters important for health and reproduc-

tion of many plant populations (Kin et al. 2013) and in the soil environment (Charro

et al. 2013; Molchanova et al. 2014). Radioactive contamination may also affect the

abundance of living beings through the radiation and chemical toxic effects of

radionuclides inducing effects of mutation accumulation over time (Møller

et al. 2013). Apart from the problems associated with heavy metals and radionu-

clides, excess of nitrates and other inorganics in waters is also a matter of concern,

among other issues related with the contamination with inorganics. All these risks

should be avoided and it is urgent the removal, immobilization, and decontamina-

tion of soils and other media contaminated with inorganic contaminants.
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19.2.1 Soil and Water Remediation Technologies

Given the widespread of inorganic compounds in all the world’s ecosystems and the

risks they may pose to public health as well as for the normal functioning of the

environment, and in the case of agricultural ecosystems where the area of contam-

inated soil is no longer available for the production of food crops, it is necessary to

find solutions that promote decontamination and its normal function, if possible in a

cost-effective way. Regarding heavy metal contaminated soils, several types of

remediation technologies have been used. The physicochemical techniques are

among the most vulgarized and could be generally classified as approaches that

promote: (a) isolation; (b) immobilization; (c) toxicity reduction; (d) physical

separation; and (e) extraction, of inorganic contaminants from soils (Wuana and

Okieimen 2011). The isolation/contention approach promotes leaching minimiza-

tion of the pollutants by the installation of subsurface barriers: clay layers, organo-

clay layers, and plastic cover. In the excavation approach, contaminated soil is

removed and disposed of elsewhere (landfills, for example). It is a technique that

comprises high costs and may involve groundwater contamination (Mulligan

et al. 2001; Kabata-Pendias 2011). The application of the removal technology is

by exposing the contaminated soil to chemical extraction and/or thermal treatment

to remove volatile elements or compounds; involves also leaching processes and

immobilization as well as high application costs (Kabata-Pendias 2011). Encapsu-

lation approach covers small places on soil with a layer of low permeability

material (e.g., clay) to prevent infiltration of water and dust (Kabata-Pendias

2011; Wuana and Okieimen 2011). The immobilization of heavy metals could be

promoted by Fe/Mn oxides that adsorb or occlude various heavy metals or by

phosphorus compounds that decrease their mobility by using other substances

such as clay minerals, Ca-carbonates, and zeolites (Kabata-Pendias 2011; Mulligan

et al. 2001). The technique of solidification/stabilization promotes changes in soil

using materials with high binding capacity with fractions with lower mobility of

metals and/or by immobilization, keeping the pH of soil neutral. For the required

effectiveness of some particular locations it is a very expensive technology

(Kabata-Pendias 2011). With the application of vitrification technique, the pollut-

ants are immobilized with electric current. It is rarely used and involves high costs

(Kabata-Pendias 2011; Wuana and Okieimen 2011). The soil could be also washed

with water or with a surfactant. It is a widely applied technology, but limited by

high water needs. The results are very dependent on the physical parameters of the

soil. In addition to the technologies previously mentioned, chemical oxidation and

reduction technologies are also used in the decontamination of soils containing

many different types of contaminants (Mulligan et al. 2001). Other approach

consists in the application of biodegradation technologies by which substances

containing heavy metals are decomposed due to microbial action and the metals

are mobilized and washed. It is a technique that shows long term effects being

practiced in specific locations (Kabata-Pendias 2011). Other technology is

electroremediation, a technique for removal of contaminants from polluted sites
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under the influence of an applied current (Ribeiro and Mexia 1997). Nevertheless,

the technologies described above are expensive and may not be the most attractive

option, especially when there are no obvious risks for the population (Fernando

2005). Besides, these techniques involve in some cases the removal of soil, ignoring

the possibility of preserving some of its properties and characteristics, as well as

various biotic and abiotic relations. This chapter gives a special emphasis on the

application of the phytoremediation technology, an environmentally sustainable

and economically attractive technology (Mulligan et al. 2001; Raskin et al. 1994),

less expensive than physicochemical approaches that uses vegetation in situ and

associated microorganisms in their rhizosphere to remove pollutants from contam-

inated soils (Fernando and Oliveira 2004). Phytoremediation techniques can also be

applied to polluted waters as sewage and municipal wastewaters (for example, for

phosphate, ammonium, and nitrate ions removal), as well as for agricultural runoff

and drainage waters (phytoextraction/phytodepuration of metals and selenium, for

example) (Pilon-Smits 2005). Phytodepuration could be merged with fiber and

energy production providing simultaneously tertiary treatment for wastewaters,

which serve as a source of water and nutrients (instead of mineral fertilizers) for

the plants irrigation (Barbosa et al. 2014). This strategy could be applied as an

approach to mitigate and reverse desertification. Phytoremediation technology can

also be coupled with other remediation technologies.

19.2.2 Phytoremediation Technology: Characteristics
of Hyperaccumulator Plants

Many plants show the ability to absorb, translocate, and accumulate metals and other

inorganic compounds as radionuclides in their belowground and aerial components

and for that reason could be used in their removal from contaminated media, by a

technology known as phytoremediation (Baker 1981; Ba~nuelos et al. 2000; Cunning-
ham and Ow 1996). It is a field of research that has been received increased attention

from many researchers in the environmental area, because it presents itself as an

environmentally sustainable, safe, and cost-effective technology.

The phytoremediation technology shows also an additional interest, related to

the possibility of metal recovery from the biomass after harvest (Mirza et al. 2011).

It applies to media such as contaminated soil, sludge, sediment, groundwater,

surface water, wastewater, and air (Pivetz 2001). When the contamination is related

with heavy metals, this approach is linked with the use of hypertolerant and

hyperaccumulator plants. These plants will act on the bioavailable fraction of

heavy metals in the soil, which is dependent on various factors that affect their

mobility, such as: (a) the reaction of the soil; (b) clay mineral content and iron

aluminum and manganese compounds; (c) the cation exchange capacity; (d) the

organic matter content; (e) the presence of other elements; (f) the redox potential;

and (g) methylation by microorganisms (Fergusson 1991; Ghosh and Singh 2005;

Prasad 2004; Varennes 2003).
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Many researches have focused on the physiological processes involved in

hyperaccumulation of heavy metals by different plants. The plants may be protected

externally against the metal, or else tolerate high concentrations of metals in their

tissues, through specific physiological mechanisms that lead to its phytotoxicity

minimization (Baker 1987). By this way these plants prevent or minimize extraction

of metals at the level of the plasma membrane on root cells, or tolerate metal

concentrations by accumulation on symplasm (Quaghebeur and Rengel 2005).

Many hypotheses have been proposed to give an explanation to the possible role of

a high concentration of metals at leaves level in hyperaccumulator plant species

(Boyd 2007): (a) tolerance to metals; (b) drought resistance; (c) interference with

plants in the neighborhood; and (d) defense against natural enemies. The hypothesis

that attracts more attention suggests that elevated concentrations of heavy metals in

aerial tissues can function as a self-defense strategy against herbivores and pathogens.

Heavy metals can provide protection against a variety of enemies.

Currently research is directed either to the discovery of species with these

characteristics, as for genetic manipulation of hyperaccumulator plants. Especially

in the second case, it is essential to determine the molecular mechanisms of metal

accumulation, since most hyperaccumulator plants identified to date show root

systems which penetrate at low depths, displaying reduced yields.

Hyperaccumulator plants from natural populations are plants that typically contain

more than 1000 mg∙kg�1 (0.1 % of dry weight) of Co, Cu, Cr, Pb, and Ni; more than

10,000 mg∙kg�1 (1 % of dry weight) of Mn or Zn (Prasad 2004) in its biomass. The

strategies used in the development of a phytoremediation plan are: (a) the research

of hyperaccumulator plants with the required characteristics for phytoremediation;

(b) breeding of plants; (c) development and improvement of hyperaccumulator

plants using genetic engineering tools (Jabeen et al. 2009). Heavy metal hyperaccu-

mulation by higher plants is a complex phenomenon that involves a series of steps,

such as: (a) the transport of metals throughout the plasma membrane of the cells of

the root; (b) its intake and translocation within the xylem; (c) the rehab and

sequestration of metals at the level of the plant, for certain plant components, or

at the cellular level (Lombi et al. 2001).

Generally speaking, the ability of a plant to accumulate a particular metal is

determined by its ability to extract this element to its biomass and by the intracel-

lular transport within the plant. The general processes that influence the rates of

accumulation of metals in plants are: (a) bioactivation in the rhizosphere, an

interaction between root and microorganisms; (b) absorption and compartmental-

ization at the root level, involving molecular transporters, channels, and chelating

agents in the cytoplasm—the phytochelatins; (c) transport in xylem—simplasma

loading and ion exchange; (d) distribution and sequestration to cell wall, seques-

tration for the vacuole and cytoplasmic chelation (Yang et al. 2005). The grade of

extraction and accumulation for a given metal, and for a particular species of plant,

is dependent on the phytoextraction coefficient (Kumar et al. 1995): a ratio between

the mass of extracted metal by the dry biomass of the plant used.

The ideal plants for phytoremediation should display: (a) fast growth; (b) high

biomass yield; (c) extensive and deep root system; (d) easiness to harvest;
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(e) tolerance and ability to accumulate several heavy metals in their aerial compo-

nents; and (f) known agronomic techniques (Yang et al. 2005). Thus, given the slow

growth rates and lower biomass yields associated to metal hyperaccumulator plants

we may conclude that these plants show low exploitation potential (Chaney

et al. 1997). Ideally, therefore, should be to find out and apply into contaminated

matrices, fast-growing species with high yields, with deep and well-developed root

systems and from which there is some agronomic knowledge. In addition, these

plant species should possess if possible, high efficiencies in the use of resources

such as water and nutrients, high tolerance to pests, high adaptive capacity to soil

and climatic conditions, as well as low ecological requirements. The produced

biomass should be inserted into an integrated management of the available

resources and its processing should return economic viable products for fiber,

energy, and other by-product’s markets when grown under contaminated soils

and other marginal soils (Dauber et al. 2012). This concept fits in the logic of

biorefinery, which seeks the full use of biomass, in a sustainable way for the

production of biofuels, energy, materials, and chemicals with high value embedded.

Industrial (energy and fiber) crops seem to display the required properties for

phytoremediation purposes. Their main mechanisms and case studies of their

applications, as well as their main advantages and disadvantages of its use are

discussed in the next sub-chapters.

19.3 The Use of Industrial Crops for Phytoremediation
Purposes and Main Mechanisms

Plants have the ability to serve as filters, lowering the contaminant level of

inorganic compounds in polluted soils, wastewaters, or landfill leachates. Several

non-food crops, such as energy crops and fiber crops, have been thoroughly

documented as apt remediators of contaminated soils, landfill leachates, wastewa-

ters, or sewage sludge amended soil.

Perennial trees, such as willow and poplar have been documented as efficient

landfill caps treating its leachates (B€orjesson 1999; Duggan 2005). Willow planta-

tions have been irrigated with wastewater and sewage sludge (Hansson et al. 1999;

Heller et al. 2003; Rosenqvist and Dawson 2005). Poplar was tested with success

for remediation of soil amended with non-hazardous levels of industrial waste

(Giachetti and Sebastiani 2006). Guo et al. (2002) reported the irrigation of

Eucalyptus plantations with effluent from meat industries.

Perennial herbaceous crops, such as reed canary grass, Miscanthus and switch-

grass are considered suitable for disposal of sewage sludge in soils (Bullard and

Metcalfe 2001; Fernando 2005). B€orjesson (1999) reports reed canary grass appro-

priate for treatment of landfill leachate as well. Irrigation with wastewater from

municipal and/or industrial sources is reported a cultivation practice alternative for

reed canary grass (USDA 2006) and giant reed (Mavrogianopoulos et al. 2002).
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The latter is further documented to have high tolerance to metals in the soils treated

with sewage sludge (Papazoglou 2007). Liquid manure application from pig farms

as nitrogen substitute is an added value strategy for cardoon cultivation but also for

the sugar beet cultivation, an annual crop (Luger 2003; Draycott 2006).

Concerning annual crops, rape seed is documented for phytoextraction of heavy

metals (Rossi et al. 2002; Sheng et al. 2008), although Marchiol et al. (2004)

reported low phytoextraction potential. Batchelor et al. (1995) indicate that sewage

sludge and animal excreta can be used as fertilizers on rape seed plantations. Niu

et al. (2007) successfully used the oilseed crops sunflower and Ethiopian mustard

for phytoextraction of metals from sewage sludge. Bioremediation capabilities have

also been suggested for hemp (Linger et al. 2002), flax (Bjelková et al. 2001;

Grabowska and Baraniecki 1997), and sweet sorghum (Epelde et al. 2009).

19.3.1 Synergism Possibilities Between Industrial Crops
Production and Phytoremediation to Remove
Inorganic Contaminants from Soils and Water

The growing demand of biomass for bioenergy and biomaterials production, and in

particular the production of energy and fiber crops, has been generating varied

conflicts by the use of the land. Such conflicts can be solved by means of spatial

segregation of the area of production of crops for energy and biomaterials, for the

so-called surplus land, which encompass various types of marginal lands, among

which heavy metal contaminated soils (Dauber et al. 2012). Fiber yielding crops are

one of the major groups of plants with more economic importance, being used to

produce textiles, papers, mats, ropes, and cordage material for various uses (Pandey

and Gupta 2003), as also in composite applications for the automotive, construc-

tion, sports, leisure, and other mass production industries (Akil et al. 2011; Ardente

et al. 2008). In many cases, and because a particular crop could be used for both

fiber and bioenergy purposes (multi-purpose crops) fiber crops could be also

produced under surplus land, mainly because over the past few decades, the demand

for natural fibers increased sharply (Akil et al. 2011; Faruk et al. 2012). Notwith-

standing its production sustains employment and income in many regions, its

intensification, namely by intensive use of land, may involve soil nutrient, water

and mineral resources depletion, along with soil and water pollution and quality

degradation. Crops such as jute, hemp, kenaf, sisal, safflower, A. donax L.,

Miscanthus, and sunflower are examples of crops with potential for fiber (Faruk

et al. 2012) and bioenergy purposes that could be used for phytoremediation of

contaminated soils with inorganic compounds as heavy metals, metalloids, and

radionuclides and for phytodepuration of many types of wastewaters. Energy and

fiber crops can contribute for the recovery and remediation of contaminated soils
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through the production of various products and because these plants hold several

mechanisms that may contribute for the degradation, accumulation, dissipation, or

immobilization of the contaminant (EPA 2000; Mirza et al. 2011; Pivetz 2001).

Each crop and associated mechanisms are applied according to the nature of the

contaminated media, metallic element and extent of local contamination, local soil

and weather conditions as well as according to socioeconomic local logics.

Industrial crops show many particular features from species to species, but in

general, its introduction in contaminated land has several common advantages.

Industrial crops when grown on marginal or degraded lands, can improve soil

fertility and soil structure, increasing the organic matter content, helping in the

control of erosion and increasing biological and landscape diversity (Fazio and

Monti 2011; Fernando et al. 2010; Finnan and Styles 2013; Zegada-Lizarazu and

Monti 2011). Generally speaking, annuals show low costs of implementation and

can be grown in crop rotation systems with other types of crops (obviously not on

contaminated land, when in rotation with food crops). Their insertion in a crop

rotation system can increase the yield and profitability of soil over time; promote

disease and pest control on site by increasing biological and landscape diversity, as

well as providing a stable source of biomass for fiber, bioenergy, and other

by-products. These plants can also be integrated into a waste management strategy

and introduced as a mitigation strategy for the reversal of the desertification

process, once they show low water and nutrients use, show commercial value for

a given region, and because its production involves less problems in natural

ecosystems since there is no competition with fodder crops production (Araus

2004; Kassam et al. 2012). For example, these crops can be implemented in a

deserted region and its irrigation and fertilization provided by domestic wastewa-

ters (Barbosa et al. 2014). Compared with annual crops, perennials offer additional

ecological advantages, providing a wider range of ecological services such as

greater vegetation cover and permanence in the soil, erosion control, show lower

susceptibility to diseases, reduced need for pesticides, and, due to its extensive and

deep root systems, possess high resource utilization efficiencies such as for water

and nutrients, being also able to provide minimization of the contamination by

leaching (Fernando 2005; Fernando et al. 2010; Zhang et al. 2011).

19.3.2 Industrial Crops Phytoremediation Mechanisms

Phytoremediation may lead to the accumulation, immobilization, dissipation, and

degradation of the contaminants. The most effective phytoremediation mechanisms

for inorganic compounds treatment approach are those that promote their accumu-

lation in aerial tissues or their immobilization on root biomass. These mechanisms

are utilized by hyperaccumulator plant species but also by industrial crops. The

different mechanisms are depicted in Fig. 19.1.
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19.3.2.1 Accumulation of Inorganic Compounds in Plant Biomass

Accumulation consists in the contention in plant material of contaminants (e.g.,

metals, nutrients, radionuclides) removed from the soil or other matrices, involving

the mechanisms of phytoextraction and/or rhizofiltration (Pivetz 2001).

Rhizofiltration refers to the use of plants in hydroponics setup for filtering polluted

water. Because it is a mechanism that applies to water bodies, we will focus mainly

on the description of phytoextraction mechanism, nevertheless it is an application

that uses plants as Indian mustard, sunflower, tobacco, rye, spinach, and corn, for

example, to accumulate in their root system, Ni, Zn, and/or Cr from polluted

aqueous sources (Ghosh and Singh 2005); as well as in the removing of Pb and U

(Dushenkov et al. 1995).

Fig. 19.1 Phytoremediation mechanisms of inorganic contaminants (adapted from Fernando

2005, Courtesy of AL Fernando)
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Phytoextraction mechanism consists in the use of plants to clean up pollutants

from soils and other media via accumulation in harvestable tissues (Pilon-Smits

2005). Phytoextraction is the best approach to remove contamination from soil and

then isolate it, via biomass harvest, without destroying soil structure and fertility

(Ghosh and Singh 2005). It is a common process of phytoremediation that involves

the extraction of contaminants by plant roots, established by common agronomic

practices, with subsequent accumulation in the aerial parts, followed generally by

harvest and disposal/treatment of plant biomass (Mirza et al. 2010, 2011). Absorp-

tion, concentration, and precipitation of contaminants into the biomass, is a viable

strategy to be applied in soils presenting diffuse contamination as well as in sites

where their concentration is low and mainly located in soils surface (Ghosh and

Singh 2005). In certain cases, chelating agents are added to solubilize metals with

low solubility in soil solution. Phytoextraction success depends on the ability of the

plant to accumulate and store large amounts of the extracted metals in their tissues,

translocating them to aerial components, along with a fast-growing biomass

presenting high yields. The ability that plants have to survive in marginal conditions

(i.e., low soil pH, high salinity, or reduced water content) as well as to produce deep

root systems, are equally important. Phytoextraction is usually limited by roots

deep and because of that, regions closer to the surface are those where greater

extraction occur.

The phytoextraction mechanism is one of the most studied for energy and fiber

crops. Many authors tested crops such as flax, hemp, Cynara cardunculus, Jatropha
curcas, castor bean, soybean, sunflower, corn, poplar, wheat, Brassica juncea,
sorghum, rapeseed, and safflower in the phytoextraction of Cd, Ni, Cu, Fe, Pb,

Mn, Zn, and Au obtaining successful results (Baker 1987; Kumar et al. 2008;

Papazoglou 2011; Zayed et al. 1998). Many industrial crops display this mecha-

nism, showing good results in its application. Hammer et al. (2003) tested the heavy

metals (Cd and Zn) phytoextraction in two types of contaminated soils, a limestone

(during 5 years) and other acid (2 years) with Salix viminalis. The plant showed best
results in acidic soil, presenting a higher biomass production and higher concen-

trations of metals in its aerial parts. The addition of elemental sulphur to soil caused

no enhancement in plant yield, but the application of Fe in the chelate form,

increased the production of biomass. Cd and Zn concentrations were significantly

higher in leaves than stems. In both soils, the concentration in the aerial plant

components decreased over time. Meers et al. (2007) tested the phytoextraction

with five Salix clones, in Cd, Cr, Cu, Ni, Pb, and Zn contaminated soils. The clones

exhibited a higher accumulation in Zn and Cd, and an estimation of the amount that

could potentially be extracted, resulted in 5–27 kg∙ha�1 year�1 for Zn and 0.25–

0.65 kg∙ha�1 year�1 for Cd. Arduini et al. (2006b) tested the phytoextraction of Cr

(50–200 mg.dm�3) during the period of higher growth ofMiscanthus sinensis l. var.
Giganteus. The production of aerial biomass was more affected than the radicular

biomass; however, the addition of 100 mg.dm�3 [Cr (NO3)3] or higher induced a

profound change in root morphology. At 150 mg.dm�3 Cr, production of lateral
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roots was inhibited, and its total length and biomass were reduced, while the

average diameter of the roots or root volume increased significantly. Stems and

green leaves reached higher concentrations of Cr at 200 mg.dm�3 Cr exposure,

while on roots and rhizomes such happened at 150 mg.dm�3, and then decreased.

This observation can be explained by a higher Cr translocation to aerial organs in an

active process operated by plants under the presence of extreme toxic conditions.

Also Arduini et al. (2004, 2006a) described several physiological processes of the

plant in response to Cd. Plants were exposed to 0–3 mg∙L�1 cadmium for 36 days,

and all cadmium levels showed to be toxic to Miscanthus. At 0.75 mg∙L�1 Cd,

toxicity caused a biomass decrease by about 50 %, whereas between 2.25 and

3 mg∙L�1 Cd it completely inhibited growth and disrupted the mechanisms that

restricted Cd translocation to the shoot. The Cd concentration in the biomass

markedly increased with all Cd levels, being higher in the radicular system by

opposition to culms and leaves. Fernando (2005) under individual contamination

with Cd, Cu, Hg, Ni, Pb, Zn, and Cr and, in other tests with sludge contaminated

with the same metals, and also with Miscanthus, found that the species is able to

accumulate in its biomass heavy metals from the growing medium in an efficient

phytoextraction perspective. The largest proportion of contamination, however,

remained in the rhizomes and roots. Borghi et al. (2007) investigated the tolerance

and phytoextraction of Cu in poplars (Populus � euramericana Adda clone). At

20 μMCu there has been no reduction in the growth or in foliar areas, showing high

chlorophyll content and high photosynthetic potential. The plant accumulated more

in roots and at higher concentrations of Cu (500–1000 μM), the clone Adda showed

symptoms of leaf chlorosis and decreased photosynthetic efficiency. Willow also

show phytoextraction capacity for radiocaesium from soil (Vandenhove 2013) and

many other energy crops are successfully used in the phytoextraction of radionu-

clides. The plant species Brassica juncea, pennycress, alyssum, sunflowers, and

hybrid poplars are being used in laboratory, pilot, and field applications in the

phytoextraction of Ag, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Zn, and the radionu-

clides 90Sr, 137Cs, 239Pu, and 238, 234U (EPA 2000).

19.3.2.2 Immobilization of Inorganic Compounds

Immobilization of contaminants involves the containment of the contaminant and

includes the mechanism of phytostabilization (Pivetz 2001). Phytostabilization is

mostly used for the remediation of soil, sediment, and sludge and occur through

sorption, precipitation, complexation, or contaminant valence change (Ghosh and

Singh 2005). Plants that provide the immobilization of the contaminants by using

the phytostabilization mechanism, transform toxic forms present in the soil, into

other less toxic, by adsorption on root system, immobilizing/stabilizing the con-

taminants, or by the release of compounds (exudates) to the soil by the root system

that may form complexes or precipitate thus stabilizing/immobilizing the
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contaminants (Fernando 2005). Plant transpiration and root growth mechanisms

accounts for the chemical or physical stabilization of the contaminants. A dense

root system: (a) stabilizes the soil and prevents water and wind erosion, providing

hydraulic control/vertical migration (leaching) of contaminants to aquifers and

groundwater; (b) creates an aerobic environment in the rhizosphere by the releasing

of exudates (organic compounds) that promote microbial activity accelerating the

degradation of organic contaminants (sometimes bounded to inorganic compounds,

e.g., organometalics) to nontoxic forms or less toxic forms (phytostimulation);

(c) provide retention of the contaminant in the rhizosphere by humification or

lignification (Mirza et al. 2011). Examples of phytostabilization are the ability of

some plants with deep root systems to reduce the Cr (VI) form highly toxic to Cr

(III) which is much less soluble and less bioavailable (James 2001). Reinstallation

of plant species also contributes to increase the ability of ecological restoration

(EPA 2000). The ability of immobilization of toxic contaminants, such as metals,

can be optimized by operations on soils that lead to the increase of pH and soil

organic matter content or by bonding contaminants with certain constituents (e.g.,

carbonates and phosphates). Soil operations are more efficient in soils that exhibit

fine texture, with high organic matter content, and could be induced to treat a

variety of contaminated surfaces: soils, sediments, and sludge. Soil operations

could lead to a more quickly fixation of metals, followed by its incorporation into

root biomass, while chemical changes should be permanent. Most important oper-

ations that could be induced on soils are the incorporation of: (a) phosphate

fertilizers; (b) soil organic matter or biosolids; (c) iron and manganese minerals;

(d) natural or artificial clay; and (e) combination of these operations. It is a very

effective technique when rapid immobilization is needed to preserve ground and

surface water. Nevertheless, the major disadvantage when that approach is applied

is that the contaminant remains in soil and therefore regular monitoring is also

required (Ghosh and Singh 2005). Industrial crops could be used successfully in the

immobilization of inorganic compounds. Ho et al. (2008) tested kenaf (Hibiscus
cannabinus L.) on the phytoextraction and phytostabilization of Pb. Kenaf root

system accumulated up to 20 mg Pb (per plant), but its aerial components accumu-

lated less than 1 mg Pb (per plant). Most of the Pb was retained by the radicular

system, both absorbed and adsorbed, phytoimmobilizing the metal. The already

cited studies of Arduini et al. (2004), Arduini et al. (2006a), and Fernando (2005)

showed also that Miscanthus is able to phytostabilize heavy metals in the radicular

system. Plants are able to use one or more of the mechanisms associated with

phytoremediation, simultaneously. Indian mustard, hybrid poplars, and herbaceous

plants have been used with success in the phytostabilization of As, Cd, Cr, Cu, Hg,

Pb, and Zn from field applications in soils, sediments, and sludge (EPA 2000).

Vanek et al. (2006) tested the phytostabilization of radioactive elements (I, U and

Ra) with sunflower (Helianthus annuus L.). Results indicate that uranium remained

mostly in the root system (removal efficiency of 24 %), but 86 % of the Ra extracted

from soil (42 %) translocated to the aerial part, thus showing a high removal

efficiency. These crops are useful, combining restoration of degraded sites and

biomass production, especially in tropical regions.
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19.3.2.3 Dissipation of Inorganic Compounds

Phytovolatilization mechanism involves the use of plants to take up contaminants

from the soil converting them into volatile forms or other less toxic compounds and

transpiring them into the atmosphere (Ghosh and Singh 2005). The use of plants

able to absorb metal contaminants and convert into less toxic chemical species,

through transpiration is called phytovolatilization (dissipation mechanism). There

are being used some natural strains of certain species of plants, or other genetically

manipulated that show the ability to absorb heavy metals, to convert into volatile

compounds within its tissues, and release them into the atmosphere. It was primar-

ily used in the removal of mercury, where the metal, in an organometallic form, was

transformed into the elementary form Hg, less toxic (Ghosh and Singh 2005). Some

plants, such as Arabidopsis thaliana and Brassica juncea can grow under Se rich

media and produce volatile compounds such as the dimethyl selenide (Ba~nuelos
et al. 2000), a compound that shows toxicities 500–600 times smaller than its

inorganic forms, which can be found in the soil. The phytovolatilization can be

used with success in removing tritium (3H) (Dushenkov 2003), mercury (Hg), and

arsenic (Mirza et al. 2010, 2011).

19.3.2.4 Stimulation of the Remediation Process and Contaminants

Degradation

Phytoremediation can be stimulated by several mechanisms. One option is to

stimulate the microbial community in the rhizosphere. Rajkumar and Freitas

(2008) conducted the inoculation of Pseudomonas SP. PsM6 and Pseudomonas
jessenii PjM15 in Ricinus communis causing an increment in its aerial and root

biomass, under heavy metal contaminated soils as well as in other soils without any

type of contamination. The stimulation of phytoremediation could be also operated

by agronomic practices and the addition of complexing agents as EDTA that can

increase metals bioavailability and subsequent phytoextraction/immobilization in

plant tissues. That was tested for Sorghum bicolor and sunflower (Helianthus
annuus L.) (Marchiol et al. 2004; Zhuang et al. 2009). Mleczek et al. (2009) and

Adler et al. (2008) refer also to the addition of EDTA, contributing significantly to

increase the bioavailability of Cd, Co, Cr, Cu, Ni, Pb, and Zn in soils, increasing

also the accumulation of these metals by willow. Other solutions can be applied to

increase the bioavailability of contaminants, such as citric acid (Fernando 2005).

Contaminant degradation refers to the destruction or alteration of contaminants.

Degradation can only be applied to organic contaminants but is referred here

because many contaminated soils show both organic and inorganic contamination,

and degradation of some contaminants, such as organometallic complexes, releases

inorganic contaminants, allowing the treatment by phytoextraction or

phytostabilization mechanisms. Biodegradation is a process operated mainly by
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the microbial activity in the rhizosphere (Pilon-Smits 2005). The mechanism refers

to the microbial presence in the plants rhizosphere and to the consequent pollutants

biodegradation; the growth of this microbial community is stimulated by root

exudates and/or supply of plant tissues. The phytodegradation or phytotrans-

formation involves the conversion of the pollutant within the plants on its surface,

and through catabolism or anabolism is converted to less toxic forms (Pivetz 2001).

Usually the process occurs inside tissues and refers to the breakdown of pollutants

by enzymes (Pilon-Smits 2005). In phytodegradation mechanism, the plants

degrade organic pollutants through metabolic processes, and use their associations

in rhizosphere. Enzymes are released in the rhizosphere playing active roles in the

transformation of contaminants as ammunition, chlorinated solvents, herbicides,

and insecticides, but also inorganic nutrients (Schnoor et al. 1995).

It should be noted that the mechanisms of phytoremediation presented executed

by many plant species occur simultaneously, and for that reason, all the factors

described above should be taken into account when a project of phytoremediation is

implemented. From the analysis, it may be noted that the main mechanisms of

phytoremediation of inorganic compounds by industrial crops are the phyto-

extraction, and the phytostabilization and their performances in phytoremediation

are dependent on various factors of several natures. There is a huge potential for

exploitation of matrices contaminated with inorganics using this type of crops.

19.3.3 Phytodepuration of Inorganic Compounds from
Wastewaters

Energy and fiber crops as Hibiscus cannabinus L., hemp (Cannabis sativa L.), and

nettle (Urtica dioica L.) could ally high growth and yield responses with higher

phosphate, nitrate, and ammonium removal from polluted water bodies (Adler

et al. 2008; Fernando 2013) The option of cultivating these crops by using waste-

water in the irrigation have been reported as important in water-scarce regions and

wastewater reuse considered an alternative water and nutrient supply. Perennial

crops as Arundo donax L.,Miscanthus, Bamboo sp., Juncus effusus L., and Cyperus
papyrus L. could also be used successfully with the same purposes but at the same

time with additional benefits derived from its perennial character, namely regarding

erodibility and biodiversity, due to lower input needs and land disturbance, higher

yields and higher permanence periods (Barbosa et al. 2014; Fernando et al. 2010).

Literature indicates that industrial crops show potential simultaneously to deliver

high yields, restore soil properties, and promote water quality improvement. Their

production in water-scarce regions could provide environmental benefits and social

and economic opportunities, safeguarding freshwater resources (Barbosa

et al. 2014).
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19.3.4 Utilization of Phytoremediation By-products

Producing industrial crops in contaminated land may also limit its use due to the

quality of the biomass. At the moment, this issue represents the bottle neck of the

valorization of the biomass produced by phytoremediation. But several approaches

can already be applied in order to reduce biomass volume, recover heavy metals

and other inorganic contaminants, as well as obtaining a product with economic

value. Only by itself the accumulation of inorganic contaminants in biomass offers

the chance to reduce significantly the volume of waste material for disposal; but the

question here is: is it possible to recover the contaminant in order to recycle it?

During the process of its recovery is it possible to produce other by-products with

economic value? The main constituents of phytoremediation biomass material are

lignin, hemicellulose, cellulose, mineral matter, and ash (Ghosh and Singh 2005).

Composting may reduce the volume of the biomass. Furthermore, leaching tests for

composted biomass may enhance metal solubility by creating soluble organic

compounds. Also compaction may reduce biomass volume, but as well as for

composting it is needed to collect and treat leachates (Ghosh and Singh 2005).

Thermochemical conversion processes constitute the main potential routes for

converting phytoremediation biomass in an integrated manner with generation of

electrical and thermal energy. Combustion could be applied under controlled

conditions in order to avoid gas and particles released into the atmosphere; biomass

volume may be reduced to 2–5 % and the resulting ash should be disposed properly.

By gasification, biomass material is subjected to a series of chemical changes in

order to produce clean and combustive gas with high thermal efficiencies. The

process involves drying, heating, thermal decomposition (pyrolysis) and gasifica-

tion, and combustion chemical reactions, occurring simultaneously (Ghosh and

Singh 2005). Gasification involves organic matter destruction and the release of

metals as oxides. Liberated metals remain in the slag and techniques, such as

modern flue gas clearing, assures effective capture of the metal containing dust.

The effects of pyrolysis temperature on the composition and evolution of liquid and

gaseous fractions of the process also have been studied in order to valorize heavy

metals contained in biomass (Lievens et al. 2008). Pyrolysis decomposes material

under anaerobic conditions without emissions into the air. The final products are

pyrolytic fluid oil and coke, the pyrolysis residue where heavy metals will remain

(Ghosh and Singh 2005). Yet, producing industrial crops in contaminated matrices

may result in a biomass with higher ash content, higher metals content (Barbosa

et al. 2013), and higher nitrogen content (Costa et al. 2013), which is problematic

either technologically or environmentally. Higher ash and metals content may

increase costs for disposal, and costs associated with the slagging and corrosion

processes in combustion furnaces, and higher nitrogen in the biomass limits its use

for combustion once, N will emit as NOx, which has an acidifying potential (Dauber

et al. 2012).
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19.4 Advantages and Limitations of Phytoremediation
with Industrial Crops

The application of the phytoremediation technology includes several advantages of

different natures and the application of energy and fiber crops instead of

hyperaccumulator plant species, in the phytoremediation of contaminated media,

increases the spectrum of advantages of this technology. Transversal to all types of

plants used, phytoremediation can be applied in situ but plants could be also used ex

situ. The main advantage of the in situ approach, and in particular for soils

contaminated with inorganic compounds, refers to the fact that it is not needed

the removal of the soil, meaning that soils properties as fertility, structure, porosity,

and texture could be preserved and in some cases improved at the same time that

contamination is remediated. Phytoremediation should be seen as an approach that

could restore all the ecosystem services of the soil and not only as a way to

remediate contamination. This is a main advantage in relation to the traditional

physicochemical technologies. This approach is passive and driven by solar energy.

It is considered also a “green” technology when compared with physicochemical

technologies because many of the impacts of the soil removal could be avoided. But

when the phytoremediation plant species is an industrial crop this concept could

enlarge, since the use of these crops to produce biomass for bioenergy or bio-

materials could provide an economic benefit to farmers. Moreover, the use of

industrial crops for different uses, including energy and biomaterials, provide an

opportunity to reduce the dependence on nonrenewable resources due to their

renewable and sustainable character, and its associated environmental impacts

(e.g., greenhouse gases emissions, disposal at the end of the technical life).

This technology could be applied to one or to a mixture of contaminants and

because of that it is possible to apply in sites not ready to be remediated by other

methods (McIntyre 2003). However, that is also dependent on the concentration of

the contaminants and the physical characteristics of the site. Other benefits rely on

the fact that the knowledge applied to food crops as well in silvicultural practices

can be applied to industrial crops in soils contaminated with inorganic compounds.

Phytoremediation offers the advantage of eliminating secondary air or water

borne wastes, wastewaters, coal pile runoff, landfill leachate, mine drainage, and

groundwater plumes (Pilon-Smits 2005). Plants could also provide ground cover

that prevents wind and water erosion-particulate matter that can become suspended

in the air or water will be deposited in site, reducing also its exposure to human,

animals, and other ecosystems; its roots may provide stabilization of the contam-

inant (immobilization), reducing its potential spread. In sloping terrains deep and

extensive root systems may also stabilize soil/terrain structure (McIntyre 2003). By

reducing dust and other particles spread, vegetation cover is reducing also exposure

pathways of certain diseases. One of the advantages more obvious of the applica-

tion of plants in the phytoextraction of heavy metals and other inorganic com-

pounds is the possibility to recover the metal content accumulated in the biomass

(McIntyre 2003). The biomass enriched in heavy metals or other inorganic
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compounds consist by itself a way to reduce the volume of disposal material, when

the contaminant moves from the contaminated matrices to the plant. By techniques

like composting and compaction it is possible to reduce harvested biomass and

further volume reduction of the disposal materials is achieved. Furthermore, if

phytoextraction is combined with biomass generation and commercial utilization

as an energy source, also the remaining ash content could be used as bio-ore (Ghosh

and Singh 2005), and further reduction in the volume of disposal remaining

materials is achieved. It is a cheaper technology when compared with traditional

physicochemical remediation technologies. Phytoremediation technology also has

the advantage of converting the contaminated sites into a more aesthetically

appealing landscape, a fact that could find easier public interest and support

(McIntyre 2003). Perennial energy/fiber crops show lower input costs associated

when compared with annual energy/fiber crops (Fazio and Monti 2011), to be used

in phytoremediation. The associated costs to maintain these crops in the soil during

all the necessary cycles to achieve the possible remediation of the site are signif-

icantly lower than the associated costs of applying physicochemical technologies in

the remediation of contaminated soils. Perennial crops offer additional environ-

mental advantages over energy/fiber annual crops and provide a wider range of

ecosystem services such as higher ground cover, longer permanence in the soil,

erosion limitation, lower susceptibility to diseases, reduced pesticides needs, and

due to their extensive rooting system they have high nutrient and water efficiencies,

thus minimizing nutrient and contaminant leaching (Fernando 2005; Fernando

et al. 2010; Zhang et al. 2011).

Many hyperaccumulator plants can only accumulate a specific element and its

application is limited in sites with mixed contaminants (organic, inorganic, or in

combination) (McIntyre 2003). Nevertheless, perennial crops, such as A. donax
L. or Miscanthus spp., can tolerate contaminated soils with one or mixed contam-

inants, showing interesting yields and a biomass with good quality for fiber or

bioenergy purposes (Fernando 2005). One of the disadvantages on the use of energy

and fiber crops in the phytoremediation of inorganic compounds is the amount that

can be annually extracted from soil. Comparison with hyperaccumulator plants

show that industrial crops may present less contaminants concentration in the

biomass. Yet, the higher yields obtained with industrial crops, permitting its

economical valorization, may allow extracting from contaminated sites higher

amounts of contaminants. Nevertheless, the use of wild or non-indigenous plants

in the phytoremediation process could provoke its spread as well induce several

risks for ecosystems functions nearby to phytotreatment sites (McIntyre 2003). In

fact, the attributes required for optimal phytoremediation by a crop correspond to

the typical weeds and invasive plants herbs (Low et al. 2011): (a) rapid growth;

(b) low fertilizer inputs; (c) high water and nutrient use efficiency; and (d) absence

of pests and diseases. Because of that, the implementation of this type of crops

requires containment plans for their potential spread. Other disadvantage associated

with potential invasive plant crops is the existing limited information, required to

perform an appropriate risk assessment of the species (McIntyre 2003). Other

advantages of the application of industrial crops over hyperaccumulator plants is
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that they can reach huge population numbers, they can have more than one growth

cycle in 1 year, and they present higher adaptability to different environments. That

could be useful in cases where it is needed a different genetic background to

approach the remediation in a particular site (for example, inexistence of diseases

and plagues or other trophic relations); sometimes hyperaccumulator occurs in

metal-rich soils and show a genetic background that allows them to remediate

those sites but not with different inorganic contaminants and with similar features.

The growth of some hyperaccumulator plants could be hampered by specific

germination requirements and pollination mechanisms (McIntyre 2003). Neverthe-

less, the use of perennial energy/fiber crops as A. donax L. which propagation

depends on rhizomes cuttings with higher success/efficiency of establishment

guaranteed overtake this advantages for hyperaccumulator phytoremediation

plant species. Most hyperaccumulators show slow growth rates and produce small

amounts of biomass. The introduction of industrial crops offers the chance to

introduce phytoremediation plants with fast growth rates, with high amounts of

biomass associated, resistant to diseases and plagues, not being the food basis of

any herbivore, especially if not native. This fact overtakes also the problem of some

hyperaccumulator plants that may induce the transfer of inorganic contaminants

within the food chain. Thus, metal immobilization in energy and fiber crops

represents a way of metal containment in biomass but also containment/immobili-

zation within the food chain. Many of these crops show naturally higher physio-

logical characteristics promoting them for both purposes: to clean contaminated

media and to obtain high quality biomass; that fact could economize money

invested in breeding programs focusing hyperaccumulator plants. Nevertheless,

genetic engineering could also be applied to improve natural features of these crops.

One disadvantage associated with phytoremediation is that this technology

requires several growing seasons to clean a contaminated site. Furthermore, this

technology is not appropriate when contaminant presents an imminent danger to

environment or humans (McIntyre 2003) posed by huge amounts of the contami-

nant that plants could not tolerate or by the time required to eliminate that risk.

Owners of contaminated lands may not wish to wait several growing seasons, when

hyperaccumulator plants are used to clean the sites. Energy/fiber crops by offering

the possibility to generate a commercial value for the biomass produced in con-

taminated soils overtake this problem, even if the number of growing seasons

needed to clean the place is also high. Microclimates on site may be inhospitable

resulting in lower growth, establishment, yields, or lower quality of the biomass.

Normally, phytoremediation with hyperaccumulator plants applies to shallow con-

taminated sites (McIntyre 2003), but the introduction of industrial crops with

extensive and deep root systems could increase phytoextraction and allow higher

phytostabilization of the contaminants. In sloped terrains its production may affect

its efficacy and cost (McIntyre 2003). Deep and extensive root systems could also

provide slope support in contaminated terrains. In this type of soils, as well as in

tight sites the application of machinery and other traditional agricultural cropping

techniques may not be performed (McIntyre 2003). The application of energy and

fiber crops in phytoremediation opens the possibility to recycle all constituents
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contained in phytoremediation biomass. Understanding the main pathways and

main techniques to achieve that objective is fundamental to project

phytoremediation in the remediation market as well as for commercialization of

its by-products (McIntyre 2003).

19.5 Concluding Remarks

The use of plants, especially industrial (non-food) crops, and associated microorgan-

isms in a phytoremediation action could be a sustainable, cost-effective option with

dual goals, pollution reduction and production of marketable biomass. According to

several authors, fiber and energy crops have demonstrated the capacity to be tolerant

to inorganic contamination, being able to uptake these pollutants into the root system,

alleviating the contamination and restoring ecosystem services. At the same time,

they represent a promising option for the bioeconomy, notably the biorefinery and

bioenergy industries. Production of industrial crops in contaminated land also avoids

changes in arable land, helping to mitigate the food vs. biofuel debate.

However, sustainability of industrial crops production in contaminated matrices

depends on yields, on the aptitude of the crop to restore value to the contaminated

matrices based on the uptake and accumulation/degradation rates for the substance

of interest, and on the quality of the biomass being produced.

An evaluation of several works presented in the literature suggests that the

production of non-food crops associated with inorganic contaminants have both

positive and less positive aspects. The productivity loss due to the toxicity of the

contamination diminishes the energy balance and the carbon sequestration by the

biomass, reducing the greenhouse savings. Uptake of contaminants by biomass, if

on one hand desirable to enhance the phytotreatment technology, reducing the time

needed for decontamination, on the other hand, the increased accumulation of

contaminants in the biomass can be detrimental for its use and economic valoriza-

tion. Another drawback of this technique is the time needed to accomplish

phytoremediation of soils, once several growing cycles are required to accomplish

it, by comparison with the traditional physical–chemical techniques. But the pres-

ence of vegetation may contribute to improve the quality of soil and waters and the

biological and landscape diversity. Moreover, the prospect of the valorization of the

biomass, for bioenergy or bio-products production purposes, could lessen the

financial costs of contaminants remediation, compared to the traditional physical–

chemical processes, with the associated revenue of environmental benefits.

As part of active planning, bench-scale treatability studies should be conducted

prior to field implementation. These studies represent a cost-effective tool for simul-

taneously evaluating multiple variables, optimizing performance and ultimately

reducing environmental, social, and economic costs. In order to promote the sustain-

able production of biomass for the phytoremediation of inorganic contaminants,

further research is needed, factoring in issues such as yields, inputs, and costs, as

well as potential environmental and socioeconomic impacts.
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Chapter 20

Sensing of Component Traces in Complex
Systems

Maria Raposo, Paulo A. Ribeiro, Nezha El Bari, and Benachir Bouchikhi

20.1 Introduction

Water pollution is a contemporary issue of mankind (WHO 2009, 2011). Conven-

tional pollutants are pesticides and industrial intermediates. Over the last decade, it

was found that beyond the conventional water pollutants, toxic/carcinogenic pesti-

cides, and industrial intermediates, which are displaying persistence in the envi-

ronment, a new class of pollutants is being introduced in the environment, namely,

in the aquatic environment as complex mixtures via a number of routes but

primarily by both untreated and treated sewage. This new class of pollutants

consists of pharmaceuticals and active ingredients in personal care products

(PPCPs), both human and veterinary, including not just prescription drugs and

biologic products, but also diagnostic agents, “nutraceuticals,” soaps, fragrances,

sun-screen agents, and many others (Daughton and Ternes 1999). As example, one

of these compounds is the triclosan, 5-chloro-2(2,4-dichlorophenoxy)-phenol,

which is an antibacterial agent widely used in soaps, toothpastes, first-aid products,

fabrics, and plastic goods. This compound is stable and lipophilic and its large

consumption is a great deal of concern over its environmental fate since it has been
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widely found in river water, lake water, sediments, fish, and in human milk (Ying

and Kookana 2007; Lindstrom et al. 2002; Singer et al. 2002; Adolfsson-Erici

et al. 2002). Recent studies have shown that triclosan has several biological

activities that are unrelated to its antibacterial action, for example, affecting

thyroxine homeostasis in weanling rats (Zorrilla et al. 2009) and exhibiting estro-

genic and androgenic activity in breast cancer cells (Gee et al. 2008). More

recently, James et al. (2010) make aware of that triclosan might endanger the

pregnancy by reducing total placental estrogen secretion and thereby reducing

estrogen action in target tissues critical for pregnancy maintenance, since this

compound is known to be a potent inhibitor of estradiol and estrone sulfonation

in sheep placenta. Unfortunately, this compound is not the only one to have a strong

effect in the human health and, although several contaminants lists have been

published (Daughton and Ternes 1999), the use of these chemicals and biologically

active substances is in expansion. Increased amounts of PPCPs have been detected

in wastewaters, worldwide surface waters, and other environmental matrices mean-

ing that the development of sensing units for environmental monitoring is a main

issue. Nevertheless, no commercial sensors for monitoring and detecting these

pollutants have been made available so far, though for water treatment companies

it is important to constantly monitor their presence in the distributed water and

avoid further costumer complaints. This is mainly because the target pollutants

molecules are in an aqueous medium together with countless spurious molecules

and microscopic life, forming a rather complex matrix. However, some attempts

have been developed with the desire to get sensors of these pollutant molecules.

From the point of view of detection, the sensing devices described in the literature

generally use a physical (electrical, optical, magnetic, etc.) property as detection

principle together with the adoption of sensitive layers on the electrodes to make the

sensor more selective to a particular molecule or molecular group. This type of

sensing enables the determination of individual compounds or subgroups of related

pollutants in complex matrix water samples (Albareda-Sirvent et al. 2001; Nunes

et al. 1998). This means that the development of pollutant sensors should be

directed for the concept of classification type device with quantifying capabilities,

which can be attained by using a set or array of sensors is used and the response data

is treated by statistical methods.

The concept of sensor arrays appears in the 1960s with the necessity of providing

reliable data in the ambitious of aerospace activity (Fehr and McGahan 1967), but it

was in the 1990s when a marked increase in the development of sensors of

molecules in an aqueous medium using the sensor arrays concept. By 1995,

Meyer et al. (1995) developed a monolithic array of 400 individually addressable

microelectrodes in a modified CMOS wafer and demonstrated that is possible to

characterize oxygen, hydrogen peroxide, and glucose distributions via the amper-

ometric imaging. This work also warned of that: (1) sensor arrays can be used for

pattern recognition analysis by using membranes with different sensitivities or

selectivities or by applying different working potentials to the individual electrodes

of a single chip; (2) the use of neural networks or fuzzy logic is a powerful tool for

data processing. Following this work, Sangodkar et al. (1996) developed a glucose,
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urea, and triglycerides sensor based on polyaniline microsensor arrays demonstrat-

ing the strategy is quite general and can be extended to other enzyme-substrate

systems leading to the so-called electronic tongue concept—a parallel concept of

the already defined “electronic nose” (Gardner and Barlett 1994; Winquist

et al. 1993). Therefore, within this concept and parallel definitions, several authors

promptly applied the electronic tongue concept to various systems for classifying

various samples as fruit juices, still drinks, milk, tea, coffee, beer, wine, etc.

(Winquist et al. 1997; Legin et al. 1997; Toko 1998). It has also been applied to

water and polluted water (Di Natale et al. 1997) through electrochemical detection

methods. In 2002, Riul et al. used electric impedance as detection probe to develop

electronic tongues (Riul et al. 2002, 2003a, b, c). Complete reviews of the advances

in electronic tongues and noses can be found in Riul et al. (2010) and Askim

et al. (2013).

This chapter provides a review of the literature and a forwarding of how the

concepts of electronic tongue or nose can be applied to detection of pollutants

molecules on aqueous environment. For this, methods of detection, preparation of

sensitive layers, and data analysis with emphasis on information visualization

approaches are described and examples in literature associated to water recogni-

tion are reviewed to provide a general conclusion on the reliability of this

approach to detect a substance in a complex matrix, using the appropriated

measurement methods, an array of sensor layers, and pattern recognition

methods.

20.1.1 Concepts of Electronic Nose and Electronic Tongue

The concept of electronic nose has been well defined by Winquist et al. (1993) as

“an array of gas sensors with different selectivity patterns, a signal collecting unit

and pattern recognition software.” Electronic nose is now commonly mentioned in

the literature to refer to this type of instrument, although other terms have also been

used, such as artificial nose, odor-sensing system, or electronic olfactometry. Also,

Gardner and Bartlett (1994) defined the electronic nose as an instrument which

comprises an array of chemical sensors with partial specificity, combined with an

appropriate pattern recognition system for recognizing simple or complex odors.

Measurements of single sensor transients provide an alternate method for vapor

detection and identification to the conventional electronic nose systems based on

sensor arrays functionalized for a broad range of chemical selectivity (Yadava

2012; Vilanova et al. 1996; Llobet et al. 1997; Hines et al. 1999; Osuna

et al. 1999; Hoyt et al. 2002). Detection of volatile organic compounds (VOCs) is

important for several applications like explosives detection, environment monitor-

ing, chemical hazard detection, breath analysis for disease biomarkers, food quality

monitoring, etc. (Llobet et al. 1997; Phaisangittisagul and Nagle 2008; Pearce

et al. 2003; Francesco et al. 2005; Tothil 2003). Therefore, the conventional
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electronic nose operation is analogous to that of human nose, where olfactory

receptor neurons generate response patterns to vapor inhalation which are brain

processed for identification (Llobet et al. 1997).

The electronic tongues are one of the most promising tendencies to develop a

fast, cheap, and objective method to evaluate food taste. Since the development of

the first prototype in 1990 by K. Hayashi (Hayashi et al. 1990) a certain number of

research groups have focused their efforts on the improvement of those systems

though the use of diverse strategies and measuring techniques. There are several

types of sensors that can be used in electronic tongues. The most common systems

developed so far are based on electrochemical techniques such as potentiometry

and voltammetry, as revealed by the numerous papers where these systems have

found numerous applications (Arrieta et al. 2010a, b; Mimendia et al. 2010; Parra

et al. 2006; Wei and Wang 2011; Chen et al. 2008; Woertz et al. 2011). However,

other types of transduction, such as optical or gravimetric sensors, have also

been addressed (Sun et al. 2008; Leonte et al. 2006; Verı́ssimo et al. 2010).

Thus, an electronic tongue is a multisensor system, formed by an array of

low-selective sensors, combined with advanced mathematical procedures for

signal processing based on Pattern Recognition and/or Multivariate data analysis

(Vlasov et al. 2005).

Over the past two decades, electronic nose and tongue have found a wide range

of applications, for example, new applications, their use in beverage and food

industries is rising steadily. Concerning to the electronic nose concept use, it has

not found to be sensitive enough or be perturbed by the majority of compounds

present in the headspace which are not relevant for the aroma to be detected.

Under these circumstances, the electronic tongue could be addressed, for example,

bitterness evaluation (Apetrei et al. 2004, 2007), polyphenolic content (Rodrı́guez-

Méndez et al. 2008), discrimination of edible oils (Oliveri et al. 2009). Up until

now, one of the most important drawbacks of the electronic tongue was their build-

up based on the same type of sensors, i.e., potentiometric, voltammetric, or

interdigitated electrodes (IDEs) (Moreno et al. 2006). These techniques restricted

the amount of data containing useful information that could be attained from

within these analyses. Emerging strategies have recently been proved to efficiently

overcome these problems, namely, multi-sensor data fusion techniques. This has

been applied to numerous fields and new applications are constantly being

explored. For example, Gutiérrez et al. has reported the classification between

beer samples, where two electronic tongues were combined using a data fusion

method (Gutierrez et al. 2013). Di Natale et al. succeeded in classifying urine and

milk by integrating electronic nose and electronic tongue and merging the data

obtained from each of the sensor arrays (Di Natale et al. 2000). Also, Apetrei

et al. (2010) characterized olive oils having different degrees of bitterness and

found superior results by combining the three analytical instruments, an electronic

nose, tongue, and eye.
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20.2 Detection of Pollutants

20.2.1 Electrochemical Methods

Electrochemical methods, namely, potentiometry, amperometry, or cyclic

voltammetry have been often used for detection of water pollutants.

Potentiometric measurements are made at equilibrium using a high-impedance

voltmeter with currents that approach to zero. Only a two-electrode setup is

required since the current is negligible. When the analyte solution and reference

solution are not the same, a potential difference is observed. Since the electric

potential of the reference electrode is constant, changes in the potential are due to

the indicator (working) electrode. For the membrane potentiometric method, the

observed potential is dominated by the Donnan potential that develops across a

membrane (Ivarsson et al. 2001a).

Amperometry requires more complicated and expensive specialized equipment

and qualified personnel for handling. However, this technique is the preferred mode

to monitor a time-dependent change with a wide dynamic range (Wang et al. 2015).

Amperometric current comes from the oxidation or reduction of electroactive

compounds at a working electrode while a constant potential is applied; the

measured current, generally of the order of μA, is a direct measurement of the

electrochemical reactions rates taking place at the electrodes (Buratti et al. 2004).

In voltammetric measurements a current is measured between a metal working

electrode and a counter-electrode when a voltage pulse is applied over the working

electrode and the reference electrode. A set of pulses can be put together to form a

pulse train in order to extract as much information as possible from the solution.

When the potential is applied, electro-active compounds that react will be reduced

or oxidized at a given potential value and a current, which is measured, will arise.

Generally, one can remark that the voltammetric method can operate with complex

liquids as long as compounds can be actively oxidized or reduced onto the work

electrode while potentiometric method can operate in terms of the system net

charge being a disadvantageous method in nonelectrolytes media (Legin

et al. 1999; Ivarsson et al. 2001b).

20.2.2 Impedance Spectroscopy

Impedance spectroscopy has become a mature and well-understood technique to

acquire, validate, and quantitatively interpret the experimental impedances (Lasia

1999). This technique provides an accurate method for in situ capacitance mea-

surements of organic coatings and has been widely employed for the characteriza-

tion of organic barrier coatings for many years (Hu et al. 2003). This technique is

based on the electrode perturbation caused by an external signal of small magni-

tude, thus allowing to perform measurements in equilibrium or in stationary state.
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The experimental values of impedance are usually represented by Nyquist and

Bode diagrams. In the Nyquist diagrams, the imaginary part of the electrical

impedance is represented versus the real part. The Nyquist diagrams, which form

either simple arcs or multiple arcs in the complex plane, are very useful for

obtaining parameters from the impedance spectra (Labrador et al. 2010).

By 1987, Taylor and Macdonald (1987) demonstrated that impedance spectros-

copy can be used to characterize aqueous environments, by analyzing the electrical

impedance as a function of frequency signal applied to nanostructures adsorbed

onto solid substrates, with previously deposited interdigitated (IDT) electrodes and

immersed in a water sample to be characterized. The electrical response analysis of

the sensorial units was carried out by modelling the response to an equivalent

circuit representative of the changes taking place at the double layer formed on the

film/solution interface, in the electrolyte, and in the nanostructure adsorbed onto the

IDT electrodes. This response will contain the fingerprint that will allow to identify

the solution, and to determine the concentration of target molecules. This technique

was subsequently and successfully applied to an artificial taste sensor based on

Langmuir-Blodgett films of conducting polymers and a ruthenium complex and of

self-assembled films of an azobenzene-containing polymer (Riul et al. 2002).

20.2.3 Surface Acoustic Wave Technique

The surface acoustic wave (SAW) technique consists of two IDTs deposited on a

piezoelectric substrate such as quartz, see Fig. 20.1. Piezoelectric materials are

anisotropic media, which yields different material properties versus the direction of

signal propagation. A thin chemically sensitive layer is placed between the IDTs on

the top surface of the piezoelectric substrate and in one of the IDTs (transmitting

IDT) is connected to a high frequency signal and when the target chemical is

adsorbed, the mass of the film increases, causing a change in the velocity and

phase of the propagating acoustic wave signal, which results in a change in the

amplitude and frequency of the output voltage measured at the load impedance,

receiving IDT. The change is expected to be proportional to the concentration of the

Fig. 20.1 SAW sensors based on IDT electrodes lying under the bound analyte layer on the

bottom
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target molecule. SAW sensors are extremely sensitive in detecting the properties of

solid or fluid materials in contact with their surfaces, including the surface mass

change, liquid density, liquid viscosity, and electrical conductivity (Shiokawa and

Kondoh 2004). SAW sensor systems are quite stable against temperature fluctua-

tion and external noise.

20.2.4 Sensors Integrated on FETs

Ion Sensitive Field-Effect Transistor (ISFET) biosensors can be also used to detect

the pollutants in water, because of their high performance among these, their

potentiality of batch production and low output impedance (Jaffrezic-Renault

et al. 1999). The specific technology used for the fabrication of these ISFETs allows

perform a differential measurement between both FETs, the output signals being

measured against the common silicon substrate (Elbhiri et al. 1999). Also, the

responses of the grafted ISFETs obtained with different leaving groups on the

silylated molecules are analyzed by the modified site-binding model which allows

determining the density of grafted sites (D’Amico et al. 2005).

20.2.5 Spectrophotometric Methods

In 1987, Worsfold and Clinch (1987) showed that spectrophotometry can be used

for the determination of phosphate in natural water. The basic principle is that each

compound absorbs or transmits light over a certain range of wavelength, which can

also be used to measure the amount of a given chemical substance. Ultraviolet–

visible (UV–Vis) spectroscopy is one of the most useful methods in analytical

chemistry for the quantitative determination of different analytes. This technique

uses light in the visible and adjacent (near-UV and near-infrared (NIR)) ranges. The

absorption or reflectance in the visible range directly affects the perceived color of

the chemicals involved (Hoffman 2010).

Fluorescence is the optical emission from molecules that have been excited to

higher energy levels by absorption of electromagnetic radiation. Broad-band exci-

tation light from a lamp passes through a monochromator, which passes only a

selected wavelength. The fluorescence is dispersed by another monochromator and

detected by a photomultiplier tube. By scanning the excitation monochromator

through a given wavelength range the excitation spectrum can be obtained and

scanning the fluorescence monochromator gives the fluorescence spectrum (Eugen

2013). In 1973, Keizer and Gordon Jr demonstrated that fluorescence spectroscopy

can be a valuable technique for estimating petroleum residual concentrations in

seawaters when a large numbers of samples are analyzed (Keizer and Gordon

1973). This method appears to offer a fast and sensitive analytical technique for

the estimation of petroleum residues in seawater.
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20.2.6 Other Methods

The High Performance Liquid Chromatography also called high-pressure liquid

chromatography (HPLC) is one of the major techniques of modern analytical

chemistry. It provides high efficiency and high resolution for a wide range of

organic compounds and it has been extensively used in environmental analysis.

This technique is used to separate the components in a liquid mixture and to identify

and quantify each component. This approach has been used by several researchers

and led to satisfactory results provided that some general rules (Realini 1981;

Gawdzik et al. 1990). Realini (1981) used this technique for the analysis of waste

water and drinking water. According to his paper, HPLC has shown to be an

accurate, precise, and sensitive method, to quantitative and qualitative determina-

tion of ng/L levels of phenols in water. The use of ion-pair extraction in basic

solution gave good recoveries, and the use of reversed-phase chromatography gave

excellent separation of the priority pollutant phenols (Butler and Guthertz 2001).

Also, gas chromatography is nowadays the most important analytical method in

organic chemical analysis for the determination of individual substances in com-

plex mixtures. Mass spectrometry is a detection method which gives the meaningful

data, as it arises from the direct determination of the substance, molecule, or of

fragments. The results of mass spectrometry are therefore used as a reference for

other indirect methods, namely for confirmation. The complete integration of mass

spectrometry and gas chromatography into a single GC/MS system has shown itself

to be synergistic at all levels (Hübschmann 2009). The area of application of GC

and GC/MS is limited to substances which are volatile enough to be analyzed by gas

chromatography. For this reason, the trend of chromatographic analysis in the

environmental field is the development of accurate, easy to automate, and sensitive

methods that reduce sample handling. The classical methodologies for the analysis

of volatile compounds in water demonstrate this trend (Le�on et al. 2006). According
to Sánchez-Avila et al. (2010), the GC/MS method has proven to be useful in

screening persistent organic pollutants as nonylphenol with a ng/L sensitivity level.

Its high reliability, reproducibility, and robustness ensure the viability of its use for

the routine multi-residual analysis of toxic substances in seawater following recent

European Union legislation standards and US-EPA recommendations for seawater

contaminants (Sahil et al. 2011).

20.3 Sensing Layers

20.3.1 Methods for Preparation of Sensing Layers

Several methods can be used to prepare sensing layers based on organic molecules,

namely, casting, spin coating, sol–gel, etc. (Oliveira et al. 2001). However, the

sensor should be immersed in aqueous solutions and it is advisable that the sensing
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layer does not leave the support. Therefore methods which enable the organic

molecules become deposited on the support after immersion in water are most

appropriate. Following this rule, the functionalization of the sensor surface can be

based on the adsorption phenomena of organic and/or biological molecules onto

solid electrodes also called supports or substrates, lying on either solid-support

substrates or compliant thin substrates. Commonly, this technique is designated by

self-assembly (SA) but both chemical and physical adsorption processes onto solid

supports can be implemented (Oliveira et al. 2001). When the adsorption of layers

of molecules onto substrates is based on chemical adsorption, the molecules should

have at least two functional groups: one to be adsorbed onto the substrate and the

other to be placed on the layer on the top, allowing the chemisorption of the same

or/and other molecules. On the other hand, when the adsorption of layers is based

on physical adsorption processes, the technique is usually designated of layer-by-

layer (LbL), and consists of alternating cationic and anionic polyelectrolyte layers

onto a solid substrate (Decher 1997), as schematized in Fig. 20.2. The adsorption of

each layer is dependent on the polyelectrolyte solution parameters (molecular type,

concentration, etc.), substrate, and the adsorption time. The LbL technique can also

be used to patterning the sensor base, so that molecules are adsorbed onto a defined

spatial region or a pattern.

Thin layers of organic molecules can be also deposited by electrochemical

deposition or electropolymerization (Paunovic and Schlesinger 2006) and by

Langmuir-Blodgett (LB) technique (Oliveira et al. 2001).

Fig. 20.2 Scheme of the layer-by-layer (LbL) technique for preparation of molecular layers
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20.3.2 Materials

The materials to be used as sensor layers should be chosen in accordance with the

sensor transducing principles and also with layers preparation technique.

In the case of electrochemical sensors, different metals as Copper (Cu), Glassy

Carbon (GC), Gold (Au), Nickel (Ni), Palladium (Pd), Platinum (Pt), and Silver

(Ag) have been used for detection. However, the deposition of adequate mole-

cules on the electrodes, functionalization of the sensor surface, is an important

issue in the development of sensors. Following the example of triclosan, one of

the most PPCPs’s pollutants investigated, sensors have been developed using

several materials and methods for the last years. A strand of carbon fibers have

been designed and characterized for use as voltammetric detector for high-

performance liquid chromatography to detect triclosan in rabbit serum and urine

(Wang and Chu 2004). Electropolymerizing o-phenylenediamine (o-PD) on

glassy carbon electrodes has been used to create amperometric triclosan sensors

working over a linear range of 2.0� 10�7–3.0� 10�6 mol/L, with a detection

limit as low as 8.0� 10�8 mol/L (Liu et al. 2009). Multiwall carbon nanotube

films were also developed for the fast detection of triclosan as electrochemical

sensor, having a linear range from 50 μg L�1 to 1.75 mg L�1 and a limit of

detection of 16.5 μg L�1 (about 57 nM) (Yang et al. 2009). Therefore, the choices

of different materials which can be deposited on the electrodes are of extreme

relevance in the detection of a determined molecule and each case should be

analyzed carefully.

For the case of chemical SA, the molecules should have a chemical group

adequate to be chemically bonded to the solid support and also to have another

specific group which allows the chemical bond between the molecules of the next

layer or the adsorbent. In addition, the adsorbed molecules are expected to interact

with the molecules to be detected.

For the case of LbL technique to be used to prepare the sensitive layers, the

adsorbed molecules should be electrically charged and which extends the range of

different types of molecules that can be used. Examples of these molecules are

polyelectrolytes, dendrimers, biological molecules as DNA, enzymes, lipids, gene

and/or anti-gene, ceramics materials and also small molecules (Liu et al. 2009;

Duarte et al. 2013a; Marletta et al. 2009). Also, molecular structures composed by

groups of molecules as the case of liposomes can be adsorbed on surfaces (Duarte

et al. 2013b). As a remark, liposomes can play an important role in the detection of

molecules since most of pernicious water contaminants as they are lipid soluble.

Moreover, liposomes can incorporate biological molecules and maintain its biolog-

ical activities during months due to the presence of water in the inside of liposomes

(Moraes et al. 2010). Therefore, the deposition of a determined type of molecules

on a solid surface is an important issue in the development of sensors since it is the

conditioning factor.
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20.4 Pattern Recognition Methods

Electronic sensing gives rise to large amounts of data from a large number of

sensors in the array that can be analyzed in a relatively short time. This leads to the

availability of multivariate data matrices that require the use of mathematical and

statistical procedures, to efficiently extract the maximum useful information

from data.

20.4.1 Feature Extraction and Data Pre-processing

The purpose of feature extraction from data is to attain a low-dimensional mapping

that preserves most of the information in its original feature vector. The features

used for data analysis are directly extracted from the responses of sensors arrays, in

order to fully exploit the maximum information existing in the response (Haddi

et al. 2011). Pre-processing of electronic sensing data consists of extracting the

most significant features from the sensor response curves. With respect to devices

as electronic nose or tongue, pattern recognition methods are decisive factors in

obtaining a versatile instrument able to reliably recognize a wide variety of odors

and/or flavors.

20.4.2 Data Analysis

Raw data obtained separately from the electronic nose and/or the electronic tongue,

combined or not, are analyzed by supervised and unsupervised pattern recognition

techniques such as Principal Component Analysis (PCA), Support Vector Machines

(SVMs), and Clustering Analysis (CA).

20.4.2.1 Principal Component Analysis

PCA is a well-known unsupervised method, often employed to analyze data from

several kinds of gas and taste sensor arrays (Castro et al. 2011; Chen et al. 2008).

The main objective of PCA (Gardner 1991; Llobet et al. 1997) consists of

expressing information contained in a dataset by a lower number of variables,

called principal components. These are linear combinations of the original response

vectors and are chosen to contain the maximum data variance and to be orthogonal.

Hence, PCA allows the reduction of multidimensional data to a lower dimensional

approximation, while simplifying the data interpretation by the first two or three

principal components (PC1, PC2, and PC3) in two or three dimensions, preserving

most of the variance in the data.
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20.4.2.2 Support Vector Machines

SVMs, which are based on Statistical Learning Theory (SLT), have been recently

introduced as a new technique for solving a variety of learning classification and

prediction problems (Cristianini and Shawe-Taylor 2000). SVMs have been suc-

cessfully applied to a number of problems ranging from face identification and text

categorization, to bioinformatics and data mining. The statistical classification

method was proposed by Vapnik (1995), and the main idea of SVMs is to separate

the classes with a particular hyperplane, which maximizes a quantity called margin.

The margin is the distance from a hyperplane separating the classes to the nearest

point in the dataset. SVMs were originally designed for binary classification, and

there are currently two types of approaches for multi-class SVMs. One is the

construction and combination of several binary classifiers “one against one or one

against all methods,” while the other is the direct consideration of all data in one

optimization formulation (Hsu and Lin 2002). The direct approach consists of the

construction of a classifier that recognizes the set of all the classes: the determina-

tion of the hyperplane between these different classes permits the choice of class

when a new input is presented.

20.4.2.3 Clustering Analysis

CA has been employed to examine the electronic nose and tongue data by testing

the relationships of various compounds. CA technique attempts to separate data into

specific groups (Everitt 1974), based on a measure of similarity. Each data point

was initially assumed to be a lone cluster and then the threshold is incrementally

lowered. As a result, more and more samples were linked together and aggregated

into larger and larger clusters of increasingly dissimilar elements. Finally, all

samples were joined together. The results of hierarchical clustering methods are

often displayed as a dendrogram connection. There are many types of similarity

linkage, the three most common of these are: single linkage (nearest neighbor),

where the distance between two clusters is determined by the distance between the

two closest objects in the clusters; complete linkage (furthest neighbor), where the

distances between clusters are determined by the greatest distance between any two

objects in the different clusters; and group average, where the distances between

clusters are determined by the mean distance of objects in different clusters.

20.4.2.4 Other Methods

(a) Data Fusion Approach

Amongst the three approaches offered by data fusion technique, namely

low-level of abstraction, mid-level of abstraction, and high level of abstrac-

tion, the first approach is the most often used and generally provides good
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results. Several investigations have reported on low-level of abstraction

(Di Natale et al. 2000; Rudnitskaya et al. 2006) providing evidence of its

beneficial effects on merging data from different instruments, while also

demonstrating its wide potential for applications in multi-sensor data fusion.

Typically, in low-level of abstraction, the data from all sources are simply

concatenated before model construction. The resulting data matrix has the

number of rows equal to the number of samples, and the number of columns

equal to the total number of signals from all sources. This approach was

elaborated by several researchers and led to satisfactory results when follow-

ing some general rules (Di Natale et al. 2001; Khaleghi et al. 2013). The

merging of measurements from two sources could potentially provide more

redundant information and this can grievously affect the ability of identifica-

tion. For this reason, it will be suitable to couple low-level of abstraction to

features selection technique in order to overcome the problem of dimension-

ality (Boilot et al. 2003). Another precaution to take into account is the dataset

size of each source, which must be comparable in order to the largest one not

“dominate” the other (Di Natale et al. 2000; S€oderstr€om et al. 2005). In

mid-level fusion, feature extraction is applied to each data source before the

extracted features are combined. Mid-level fusion is popular owing to its

adequate performance and easy adaptability with well-established feature

extraction methods. The third method of data fusion, called high-level of

abstraction, assumes that data from each source are analyzed and afterwards

a model is constructed for each data source separately. The results from all the

models are then merged (Liu and Brown 2004).

(b) Fuzzy ARTMAP Artificial Neural Network

The Fuzzy ARTMAP neural network is a nonlinear supervised classifier

based on fuzzy Adaptive Resonance Theory (ART). It is a promising method

since fuzzy ARTMAP is able to carry out online learning without forgetting

previously learnt patterns (stable learning). It can also recode previously learnt

categories and is self-organizing (Llobet et al. 1999). In its most general form,

Fuzzy ARTMAP includes two fuzzy ART modules (ARTa and ARTb),

interconnected by an associative memory and some internal control structures

that regulate learning and information flow (Carpenter et al. 1992). During

supervised learning, ARTa receives a stream of input patterns {aM} and ARTb

also receives a stream of patterns {bM}, where bM is the correct prediction

given aM. When a prediction by ARTa is not confirmed by ARTb, inhibition of

the inter-ART associative memory activates a match tracking process. This

increases ARTa vigilance by the minimum amount required for the system

either to activate an ARTa category that matches the ARTb category or to learn

a new ARTa category. Fuzzy ARTMAP generally shows superior performance

in training when compared with the Multi-Layer Perceptron (MLP) (Carpenter

et al. 1995; El Bari et al. 2007).
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20.5 Sensor Arrays Applied to Sensing Pollutants
Molecules in Water: A State of Art

20.5.1 Water Pollution Recognition by Electronic Noses

The electronic nose KAMINA was tested on the headspace water pollution recog-

nition. The headspace of water samples polluted with chloroform or ammonia was

investigated simulating stagnant and flowing waters (Goschnick et al. 2005). The

KAMINA is based on the use of metal oxide gas sensing. This investigation

demonstrated that the electronic nose KAMINA is able to discriminate between

ammonia or chloroform contaminated water and clean water by analyzing the

headspace of the corresponding water samples. For discrimination of the pollutants,

the supervised linear discriminant analysis was employed. Experimental results

demonstrated that a good discrimination and recognition was obtained of clean tap

water or contaminated water containing either ammonia or chloroform can be

achieved. The detection limits for the contaminants were below 1 mppm (ppm

by mass).

More recently Sohn et al. (2008) used an electronic nose to continuously

understand the complex odor-generating mechanisms within poultry housing as

well as to identify strategies to reduce the impact of odor emissions on local

communities. These actions aim to reduce negative public attitudes towards poultry

farming (Jiang and Sands 2000; PAE 2003). Recently, a hybrid system based on

electronic nose coupled with an electronic tongue and combined with multivariate

analysis was applied to the different kinds of Moroccan waters (Haddi et al. 2014).

This system allowed discriminate amongst the potable and non-potable water

samples with a total variance of 86.98 %. This study also confirmed the usefulness

of the hybrid systems.

20.5.2 Water Pollution Recognition by Electronic Tongues

20.5.2.1 Drinking Water Quality

Amongst the applications of electronic tongue concept, discrimination between

different types of waters has been attempted from the beginning. In a first approach,

experiments were conducted using an electronic tongue to virtually monitor the

drinking water quality, measured from the raw water in the river to the tap water of

the consumer. It was demonstrated by using signal analysis and statistical multi-

variate methods that the proposed multi-electrode virtual sensor system is able to

detect water quality changes and consequently to estimate the water quality

(Lindquist and Wide 2001). Also, Scozzari et al. (2007) used voltammetric tech-

niques for the qualitative analysis of water, focusing the work on the signal analysis

approach and its evaluation in terms of discrimination capability. The fundamental
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idea was to investigate how an adequate signal processing approach applied to a

mature and affordable sensor technique (voltammetry) can address the issue of

extracting aggregate chemical information, useful to characterize the liquid under

analysis. In the proposed approach, dimensionality reduction was performed in a

transformed domain via discrete cosine transform with an appropriate selection of a

low dimensionality subset of the transformed coefficients.

An electronic tongue system, inductively coupled to a plasma atomic emission

spectroscopy and an ion chromatography system, was also used as a sensory

evaluation of mineral, spring, and tap water samples of different geographical

origins (seven classes). Samples from the same geographical origin were correctly

classified by both chemical analysis and the electronic tongue system (100 %).

However, it was found that only 80 % classification rate can be achieved by sensory

evaluation. Different water brands (different brand names) from the same geo-

graphical origin did not show definite differences, as expected. Forward stepwise

algorithm selected three chemical parameters, namely, chloride (Cl), sulphate

(SO4
2�), and magnesium (Mg) contents and two electronic tongue sensor signals

to discriminate according to the geographical origins (Sipos et al. 2012). Recently, a

flow-cell electronic tongue composed by a sensor array comprised of six interdig-

itated microelectrodes coated with nanofiber films of poly(lactic acid)/multiwalled

carbon nanotube (MWCNT) composites, and coupled with PCA, was used to

discriminate potable water samples from non-potable water contaminated with

metals or traces of pesticides (Oliveira et al. 2013). To analyze the sensory profiles

of mineral water have also been used to investigate the similarities between the

sensitivity of a trained human panel and an electronic tongue device. In this study,

the trained sensory panel evaluated six flavored mineral water samples. The sam-

ples consisted of three different brands, each with two flavors (pear-lemon grass and

jostaberry). The applied sensory method was profile analysis, and the sensory

attributes obtained from electronic tongue measurements were implemented by

using the multivariate statistical method Partial Least Squares regression (PLS).

The results showed that the products manufactured under different brand names

having the same aromas presented very similar sensory profiles (Sipos et al. 2013).

20.5.2.2 Detection of Metal Ions

Di Natale et al. (1997) used a sensor array of ion sensitive electrodes to measure the

concentrations of a number of chemical species in solutions and the sensor array

output data was analyzed by chemometrics, nonlinear least squares and neural

networks. The best results have been achieved by the introduction of modular

models which make use, at the same time, of both qualitative and quantitative

information. Two years later, Legin et al. (1999) developed a multisensor system

made of a set of 29 different chemical sensors based on all-solid-state crystalline

and vitreous materials with enhanced electronic conductivity and redox and ionic

cross-sensitivity. This system was used to the determination of low contents of

uranium(VI), uranium(IV), iron(II), and iron(III) in complex aqueous media.
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Multidimensional data, processed by pattern recognition methods such as artificial

neural networks and partial least squares, have been shown that Fe(II) and Fe(III)

contents in the range from 10�7 to 10�4 mol L�1 of total iron concentration can be

determined with the average precision of about 25 %. U(VI) and U(IV) contents

could be determined with the average precision of 10–40 % depending on the

concentration. A similar approach has been applied to recognition and evaluation of

mineral water samples solutions containing mixtures of ions of different nature and

concentration (Colilla et al. 2002). More recently, a detection system based on the

measurement of impedance of two modified electrodes, each one containing a

chelating agent (pyrocatechol violet and a nitrilotriacetic derivative) combined

with principal component data analysis procedure was used to detect Al3+, Fe3+,

Cd2+, Pb2+, Hg2+, Cu2+, Ca2+, and Ag+ metal ions at micromolar levels in ultrapure

water. This work also demonstrated that selecting the appropriate working frequen-

cies and sensors, the array can also be applied to different aqueous systems such as

bottled mineral water or concentrated NaCl (27 %) yielding similar results (Yánez

Heras et al. 2010).

20.5.2.3 Detection of Water Toxicity Due Organisms

Lower-cost and easy-to-read instrumentation would be very promising also in

regarding to the detection of sub-products from algae decomposition or from

other organisms which depend on their concentration, can be toxic or, otherwise,

can give unpleasant taste and odor to water. The detection of sub-products from

algae decomposition as 2-methylisoborneol (MIB) and geosmin (GSM) in water

samples has been also evaluated by an electronic tongue system based on

nonspecific polymeric sensors and impedance measurements. PCA, applied to the

generated data matrix, indicated that this electronic tongue was capable to perform,

with remarkable reproducibility, the discrimination of these two contaminants in

either distilled or tap water, in concentrations as low as 25 ng L�1 (Braga

et al. 2012). Another example of the application of the electronic tongue to estimate

water toxicity is the potentiometric multisensory system conjugated with projection

on latent structures (PLS) regression. This approach was used to test waters of a

bioassay with three living test organisms: Daphnia magna, Chlorella vulgaris, and
Paramecium caudatum. In this case, the prediction of water toxicity with relative

errors 15–26 % (depending on the test object) was achieved (Kirsanov et al. 2013).

20.5.2.4 Detection of Pollutants

There are several examples of developed systems for detection of water pollutants

worth to be mentioned. In 2006, Carvalho et al. (2006) developed a sensor system

adapted to detect chloroform, a potentially carcinogenic compound which is often

used in water disinfection. This system consisted of interdigitated gold-coated

microelectrodes covered with various conducting polymers through the LbL
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technique. Analysis of impedance data obtained from these sensors, over a range of

frequencies from 1 Hz to 1 MHz, revealed to able to detect chloroform in water and

to distinguish different concentrations, the detection limit being of the order of

0.01 mg L�1. One year later, the same team developed a similar system, using also

impedance spectroscopy as measurement technique, to detect small amounts of the

carcinogenic trihalomethanes (THM) as bromoform, bromodichloromethane, and

dibromochloromethane, compounds which may be generated as by-products of

water-treatment processes in public water supply systems. The detection limits

were found as low as 0.02 mg L�1 (Carvalho et al. 2007). More recently the

same team demonstrated that modified nylon nanofibers with LbL films of conduc-

tive polypyrrole (PPy) and poly(o-ethoxyaniline) (POEA) assembled onto graphite

interdigitated polyethylene terephthalate substrates are suitable to detect paraoxon

pesticide in water by discriminating the pesticide in the water of corn washing in

postharvest treatment, compared to water of other sources (Oliveira et al. 2012).

Meanwhile, a new protocol has been developed and evaluated for the determination

of trihalomethanes (THMs) at the submicromolar concentration level in water

(Peverly and Peters 2012). The protocol was based on a three-step stripping analysis

that uses a single electrochemical cell and that entails (a) direct electrochemical

reduction of a trihalomethane at a silver cathode to form halide ions in an aqueous

sample containing tetraethylammonium benzoate, (b) capture of the released halide

ions as a silver halide film on the surface of a silver gauze anode, and (c) cathodic

reduction and quantitation of the silver halide film by means of differential pulse

voltammetry. With this method the THMs as bromoform and chloroform were

successfully quantitated in about 30 min, with a detection limit of 3.0 μg L�1

(12 nM) and 6.0 μg L�1 (50 nM), respectively, as well as the total trihalomethane

content in a prepared water sample at a level commensurate with the maximum

allowable annual average of 80 μg L�1, as mandated by the United States Envi-

ronmental Protection Agency.

Aqueous solutions of petroleum hydrocarbons as cyclohexane, naphthalene,

benzene, toluene, ethylbenzene, and the three isomers of xylene (BTEX analytes)

were analyzed an array of chemiresistor sensors, made from thin film assemblies of

single-wall carbon nanotubes, multiwall carbon nanotubes, reduced graphene oxide

nanosheets (RGON), and gold nanoparticles (AuNP). The carbon nanotube and

RGON chemiresistors functionalized with octadecyl-1-amine and the AuNP

chemiresistors were functionalized with 1-hexanethiol (Cooper et al. 2013). This

study demonstrated that the AuNP chemiresistor was the most sensitive to all the

analytes with limits of detection ranging 0.2 and 0.6 ppm in water. In contrast, the

multiwall carbon nanotube chemiresistor was the less sensitive to the analytes with

limits of detection between 20 and 200 ppm. These results reveal that these

nanomaterials have great potential, with further optimization, of being incorporated

into devices that would detect hydrocarbons in water at concentrations according

with the regulations of the US Environmental Protection Agency. Mixtures of

benzene, toluene, ethylbenzene, p-xylene, and naphthalene dissolved in water

have also been probed with an array of partially selective gold nanoparticle

chemiresistor sensors (Cooper et al. 2014). The overall root mean square error
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between the predicted and measured concentrations (residuals) was of 0.2–1.5 mg/

L, for mixtures with a nominal component concentration of 10 mg/L. The accuracy

of the random forests predictions was not unduly affected by increasing mixture

complexity. It should be referred that random forests analysis is a statistical

technique suitable for quantifying the relationship between responses of partially

selective sensors to the concentration of different hydrocarbons in water.

The presence of ammonium nitrate in water was detected by an electronic

tongue based on pulse voltammetry by using of an array of eight metallic working

electrodes encapsulated in a stainless steel cylinder (Campos et al. 2013). In a first

step the electrochemical response of the different electrodes was investigated in

the presence of ammonium nitrate in water in order to further design the wave form

used in the voltammetric tongue. The response of the electronic tongue was then

tested in the presence of a set of 15 common inorganic salts; i.e., NH4NO3;

MgSO4; NH4Cl; NaCl; Na2CO3; (NH4)2SO4; MgCl2; Na3PO4; K2SO4; K2CO3;

CaCl2; NaH2PO4; KCl; NaNO3; K2HPO4. A PCA plot showed a fairly good

discrimination between ammonium nitrate and the remaining salts studied. In

addition Fuzzy Art map analyses determined that the best classification was

obtained using the Pt; Co; Cu; and Ni electrodes. Moreover, PLS regression

allowed the creation of a model to correlate the voltammetric response of the

electrodes with concentrations of ammonium nitrate in the presence of potential

interferents such as ammonium chloride and sodium nitrate. A voltammetric

electronic tongue device have been used for evaluation of ammonia and ortho-

phosphate concentrations from influent and effluent wastewater since the quanti-

fication of these compounds in wastewater treatment plants is important due to

their implication in the eutrophication process (Campos et al. 2014). The

performed electrochemical study of the response to the presence of ammonium

and orthophosphate ions was carried out in order to design a suitable waveform for

each electrode.

Concerning the detection of PPCPs with electronic tongue, excluding the cases

of pharmaceutical applications, are practically inexistent in literature. Recently,

Pimentel developed an electronic tongue based in LbL and impedance spectroscopy

measurements to determine the concentration, between nano and picoMolar, of

ibuprofen in water (Pimentel 2014).

20.6 Conclusions

From the different systems of electronic nose and electronic tongue discussed in

this review, one can conclude that complex solutions can be accurately analyzed by

using a set of dedicated sensors together with adequate data treatment. The extent of

the analysis covers both qualitative and quantitative aspects, with solution classi-

fication close to 100 % of success in certain cases and nanomolar level detection

capabilities.
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In all prototypes considered in this review, the process of building such devices

involves the following parts: sensor unit development, selection of transducing

mechanism-measuring technique, and finally data analysis to be undertaken. These

parts can be summarized as:

– The sensor units are mostly made of sensitive molecule layers deposited onto

solid supports which, for the cases of electrical transducing, usually present

either a single or IDEs systems. The preparation of molecular layers can be

achieved through of several techniques as casting, spin-coating, sol–gel,

Langmuir-Blodgett, electrodeposition, self-assembly, layer-by-layer. Provided

that these layers should be stable in the support when immersed in the solution,

self-assembly and layer-by-layer techniques are promising. These techniques

also allow accurate layer thickness control, film architecture shaping, and a wide

range of molecular systems to be assembled. The last two features are crucial

towards the improvement of sensor selectivity capabilities. Films of

nanostructures have proved to be the most promising as revealed by both the

large sensitivities and discrimination capabilities achieved, as a result of their

featured response. It should be referred that the knowledge about of the produc-

tion of thin films deposited on surfaces is a crucial for the development of these

systems.

– Concerning the transduction mechanisms, several sensor probes can be

implemented, namely based on electrochemistry, impedance, SAWs, semicon-

ductors, spectrophotometry among other. The simplest and often used for detec-

tion of water pollutants are through the electrochemical and impedance analysis.

In addition, prototypes based on assemble of different types of measuring

methods can also be a way to succeed to detect of traces of a given component,

as supported from data obtained with both electronic nose and tongue integrated

in the same instrument.

– Concerning the data analysis, particularly in what concerns to component

classification it is fundamental the use of supervised and unsupervised well-

established pattern recognition techniques. From these one finds the PCA the

most often used method mainly because of its easy implementation. However, to

go deep in data analysis, to get the best featured information, more sophisticated

data treatment has to be addressed.

As a final remark, one believes this approach is adequate for in situ monitoring

main water pollutants.
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Chapter 21

Analysis of Endocrine Disrupting Chemicals
in Food Samples

Miriany A. Moreira, Leiliane C. André, Marco D.R. Gomes da Silva,

and Zenilda L. Cardeal

21.1 Introduction

21.1.1 Endocrine Disrupting Chemicals

The synthesis of new chemical substances is increasingly providing better quality

of life. Several synthesized chemical compounds are applied in packaging, cos-

metics, and toiletries, among others. For many years, organic compounds have been

used interchangeably in the manufacture of packaging and product formulation, but

in recent decades studies have shown that some of these substances may be harmful

to man. Some organic compounds in plastic containers and household items are

suspected to cause harm, both to human’s and animal’s health. Several studies have

been conducted to show the association between exposure to these compounds and

the effects on the endocrine system.

Chemicals that can damage the endocrine system are called as endocrine

disrupting chemicals—EDCs. According to the World Health Organization

(WHO), “an endocrine disrupter is an exogenous substance or mixture that alters

one or more functions of the endocrine system and consequently causes adverse
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Universidade Federal de Minas Gerais, Av. Antônio Carlos, 6627,
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health effects in the intact organism, or its progeny or sub-populations”

(IPCS/WHO 2002). Some pesticides, surfactants, plastics in general are classified

as EDC. In 2000, the European Union has established a list of 562 suspected

compounds which cause dysfunction in the endocrine system (EC 2001). These

compounds can be divided into different classes such as alkylphenols and plasti-

cizers. These two classes of compounds are widely studied, considering the con-

centrations they are found in food, environmental, and biological samples and are

therefore subject of this chapter.

Alkylphenols such as 4-nonylphenol (NP-4) and 4-octylphenol (OP-4) are

by-products of degradation of the ethoxylatedalkylphenol, nonionic surfactant

used in domestic and industrial applications (Schroder 2001). An example of use

of surfactants is their application in the manufacture of detergents, which are

commonly used for cleaning and sanitizing in various industries, including the

food industry. Ethoxylatenonylphenol is present in the formulation of various

pesticides and their major metabolites. Nonylphenols are considered as presenting

low degradability (Brix et al. 2001; IPCS/WHO 2002). Alkylphenols such as 4-tert-

butylphenol (4-t-BP), 4-OP, and 4-NP are also used as monomers in the manufac-

ture of phenolic resins (Ozaki and Baba 2003). Nonylphenol may also be used in the

form of tris(nonylphenol)-phosphite, a substance used as antioxidant for plastic

materials, commonly used as packaging in the food storage (Guenther et al. 2002).

Some phthalates, as benzylbutyl-phthalate (BBP) and di (ethylhexyl)-phthalate

(DEHP), among others, are also cited as possible causes of disturbances in the

endocrine system (EC 2000). Phthalates have multiple applications and are used in

industry primarily as plasticizers to increase the flexibility of plastics applied in the

manufacture of toys, household items, and packaging, among others. Other appli-

cations include the use of some phthalates, such as diethyl-phthalate (DEP), in

cosmetics and pesticides (USEPA 2001). Phthalates are not chemically bound to

the polymer matrix, and therefore the migration to the food can easily occur

(Fromme et al. 2002). This is the reason why they are found as contaminants in

many food products.

Several studies have demonstrated the association of these organic compounds

with endocrine dysfunction (human and animal). Their majority is related to

chronic exposure and concern the action of some compounds suspected of causing

endocrine dysfunction. Studies in animals show that phthalates may cause changes

in kidneys, liver, and fetal malformation (Xia et al. 2011). In humans, the possible

toxic effects of these compounds are described in some studies. Hauser

et al. showed a relationship between the concentration of DEHP metabolites in

semen samples and sperm DNA damage (Hauser et al. 2007). A study by Meeker

and Ferguson determined a positive relationship between the concentration of

phthalates and bisphenol A in urine and changes in thyroid hormones (Meeker

and Ferguson 2011). In vivo studies show that some phthalates can cause the

increase in uterine leiomyoma cells and changes in the secondary structure of the

protein albumin (Shen et al. 2014; Xie et al. 2013). Ferguson et al. showed that

maternal exposure to certain phthalates during pregnancy is related to systemic

inflammation and systemic oxidative stress (Ferguson et al. 2014).
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21.2 Alkylphenols and Phthalates in Food Samples

The sources of phthalates and alkylphenols exposure are varied, and the absorption

can occur by oral, pulmonary, or skin contact (WHO/UNEP 2012). Studies report

the identification of these compounds in air samples, drinking water, river water,

and cosmetics. However, one of the major sources of exposure is from food

products (Huang et al. 2011; Romero-Franco et al. 2011; Moreira et al. 2009).

The food contamination occurs primarily through the contact of the food matrices

with the packaging material or during the food manufacturing process. The

European Food Safety Authority (EFSA), based on toxicological studies,

established a tolerable daily intake (TDI) for phthalates, 0.01 mg kg�1 of body

weight per day for the BPD, 0.5 mg kg�1 of body weight per day for BBP, and

0.05 mg kg�1 of body weight per day for DEHP (EFSA 2005a, b, c).

The alkylphenols and phthalates have been reported in food samples in several

studies. Wu et al. showed that the concentrations of phthalates in soft drinks ranged

from 0.015 to 0.159 mg L�1 (Wu et al. 2014). Ostrovsky et al. observed phthalate

concentrations of 1.5–12.5 μg g�1 in fatty food products (Ostrovsky et al. 2011).

Alkylphenols and plasticizers are also found in other matrices. Nonylphenol was

determined in concentrations ranging from 0.3 to 72.9 ng L�1 in surface waters

(Klosterhaus et al. 2013). In cosmetics, phthalates were measured in concentrations

ranging from 0.41 to 38.34 mg L�1 (Feng and Jiang 2012). This persistent presence

described in environmental and food matrices shows that the human being is

regularly ingesting these compounds which can be toxic even at low concentrations.

Studies related to the use of plastic films and plastic packaging for food contact

show that these packages may also be possible sources of food contamination. A

study byCirillo et al. (2011), in which the concentration of phthalateswas determined

in cereals, legumes, and vegetables stored in plastic containers, presents levels of

22.8–270.3 ng g�1 and 10.2–142.8 ng g�1 for DEHP and DBP, respectively (Cirillo

et al. 2011). The amount of alkylphenols and plasticizers found is related to the

characteristics of foods and food compounds that they are in contact with. Com-

pounds such as DEHP, dioctyl-phthalate (DOP), and diisononyl-phthalate (DINP)

have high Kow, a measure of the lipophilicity of the compound, and thus have affinity

for fatty foods such as oils andmayonnaise (Nanni et al. 2011; Ostrovsky et al. 2011).

Phthalates are also found in many food products such as olive oil, milk, and wine

(Feng et al. 2005; Cavaliere et al. 2008; del Carlo et al. 2008). The knowledge of the

migration magnitude of phthalates present in packaging into food is of main

importance. Therefore, many studies have been conducted to determine phthalates

in food samples. DBP and DOP were founded in a concentration range between

0.023 and 0.664 μg L�1, respectively, in food simulants when they were put in

contact with plastic packaging, in a study described by Gonzalez-Castro

et al. (Gonzalez-Castro et al. 2011). In another work, Kueseng et al. determined

concentrations of 0.61 μg g�1 of DEHP, which migrated from condiment packaging

(Curry) (Kueseng et al. 2007). Cacho et al. determined concentrations ranging from

0.42 to 2.3 ng g�1 for octylphenol and 46 to 50 ng g�1 for nonylphenol in plant

samples (Cacho et al. 2012).
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21.3 Determination of Alkylphenols and Phthalates
in Food Matrices

21.3.1 Sample Preparation Methods: Less Solvent
and Higher Sensitivity

Since EDCs are present in food matrices at a very low concentration level, the

development of highly sensitive analytical methods and sample preparation pro-

cedures are required. In addition to the analysis of food samples, prior treatment of

the sample is necessary for proper isolation/extraction and concentration of the

compounds. For the extraction step, techniques may be used as solid phase extrac-

tion (SPE) (Ibrahim et al. 2014), solid phase microextraction (SPME)

(Wu et al. 2012), single drop microextraction (SDME) (Batlle and Nerı́n 2004),

dispersive liquid–liquid microextraction (DLLME) (Farajzadeh and Mogaddam

2012; Yilmaz et al. 2014), assisted air liquid–liquid microextraction (AALLME)

(Farajzadeh and Mogaddam 2012), and liquid phase microextraction (LPME)

(Villar-Navarro et al. 2013), among others. Techniques such as liquid–liquid

extraction for liquid food samples and classic solvent extraction for solid food

matrices can also be used. However, these methods have the disadvantage of using

large quantities of organic solvents. Due to this drawback, other extraction tech-

niques using low amounts of organic solvents have been developed and applied in

food analysis. SPE and SPME have been used in several studies to extract

phthalates and alkylphenols from food samples. SPME is a technique that combines

the simultaneous isolation and extraction of the target compounds together with

their concentration in a fiber coated with a suitable polymeric film. This fiber is

placed in direct or indirect contact with the analyte or analytes in the sample.

Analytes are adsorbed/absorbed in the fiber according to its chemical nature

(Ribeiro et al. 2008). The fiber can be exposed by direct immersion in solution

(Fig. 21.1a) or in the sample headspace. In this latter case, the fiber is exposed to the

headspace of the sample which is present in the void volume of the vial used

(Fig. 21.1b). Various types of materials are used as fiber coatings, such as

polydimethylsiloxane, polyacrylate, and divinylbenzene, among several others.

The fiber is subsequently inserted into the injector port of the gas chromatograph,

to thermally desorb the analyte to the analytical column. SPME has been success-

fully applied in the analysis of liquid foods. Feng et al. obtained detection limits of

0.02 and 0.23 μg kg�1 for DBP and BBP, respectively, in a phthalate analysis study

in which cow’s milk and SPME-GC/MS were used for extraction and analysis of

compounds (Feng et al. 2005). Li et al. obtained detection limits in the range of

0.006–0.03 ng mL�1 for DEHP, DBP, and DEP in a study in which phthalates were

analyzed in samples of alcoholic beverages using SPME and GC/MS.

As the process of absorption/adsorption of analytes on the fiber is an exothermic

process, cooling of the fiber enables increased sensitivity. Moreira et al. (2014) used

the system shown in Fig. 21.2 for the analysis of phthalates. Their migration to food

simulants in plastic containers heated in microwave was investigated. DBP and
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Fig. 21.1 SPME system by

immersion (a) and by

headspace (b)

Fig. 21.2 Cold SPME system used to analyze the phthalate migration by GC/MS (Menezes and

Cardeal 2011)



BBP were analyzed by GC/MS, yielding limit of quantitation (LOQ) of 0.20 and

0.30 mg kg�1, respectively (Moreira et al. 2014).

The SPE has also been widely applied to the analysis of alkylphenols and

phthalates. The SPE consists of the use of a cartridge or disk (Fig. 21.3) containing

an adsorbent which will be in contact with the sample. The extraction process is

similar to a liquid chromatographic separation, where the separation of the target

compounds from the matrix occurs through polarity similarities between the solid

phase and liquid phase where the sample is dissolved (Petrovic et al. 2002). In a

study by Gu et al. (2014), detection limits 0.015–2.2 ng g�1 were obtained in the

analysis of alkylphenols and phthalates in seafood samples. SPE and HPLC/MS

were used in the alkylphenols analysis, and SPE GC/MS analysis was used for

phthalate determinations (Gu et al. 2014). In another study by Li et al., where

alkylphenols were determined in soft drinks samples, the detection limit obtained

for OP and NP was 0.03 μgL�1 when SPE and GC/MS were used for extraction and

analysis of the target compounds (Li et al. 2013). Del Carlo et al. (2008) obtained

detection limits of 0.015–0.018 mg L�1 for analysis of phthalates in wine samples,

using SPE and GC/MS (Del Carlo et al. 2008).

21.3.2 GC�GC Analysis of Alkylphenols and Phthalates

Gas chromatography coupled to mass spectrometry has often been applied in the

analysis of alkylphenols and phthalates. However, other techniques may also be

used for the analysis of these compounds in order to obtain a greater separation and

detectability of the compounds. Comprehensive two-dimensional gas chromatog-

raphy (GC�GC) demonstrates to be an elegant alternative in the analysis of these

compounds. GC�GC is a system that uses two separation processes (two chro-

matographic columns) in order to perform compound separation. The analytical

columns used have independent separation mechanisms. The term comprehensive
is used because the entire sample eluted from the first dimension (1D) column is

introduced into the second dimension column (2D), where the separation occurred

in the first column is preserved in the second column (von Muhlen et al. 2007). This

transference is performed by an interface called modulator. The 1D column has

classical dimensions, since the 2D column is a shorter column. This is necessary in

order that the compound retentions in the 2D column are sufficiently short and their

elution is completed before the next eluate fraction from the 1D column is intro-

duced in the 2D column. Normally, 1D column is a capillary column containing an

Fig. 21.3 Cartridges and

disks used in SPE according

to USEPA (2015)
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apolar stationary phase, while in the 2D column a high polarity medium stationary

phase is employed (classical set of columns). The difference in the chemical

selectivity between the two columns allows compounds which are not adequately

separated in the 1D column to be fully resolved in the 2D column (Bruckner

et al. 1998). The modulator is used to fractionate the eluate of 1D column,

refocusing it and subsequently transferring it to 2D column (Dallüge et al. 2003;

Vendeuvre et al. 2004). The modulators may be of cryogenic type, controlled by

valves or by heat. In a valve modulator, a valve is inserted between the columns for

fraction transfer control of the eluate from the 1D to the 2D column (Bruckner

et al. 1998; Pedroso et al. 2009). Thermal and cryogenic modulators make the

transference control of the 1D eluate to the 2D column using temperature changes.

In a thermal modulator, 1D eluate is trapped on a sorbent and subsequently by

thermal desorption sent to the 2D column. The cryogenic modulators use a cryo-

genic medium to perform the eluate trapping from the 1D column. The subsequent

eluate release to the 2D column is performed by an external heat source. With this

cryogenic trap, the eluate is reconcentrated (focused) and sent to 2D column

(Marriott and Shellie 2002; Pedroso et al. 2009).

In many complex sample analyses, where one-dimensional gas chromatography

is used, the presence of interferents co-eluting with target compounds jeopardizing

the entire analysis. In GC�GC, using two columns allows an increase on the

separation of target compounds, eliminating the influence of sample and chromato-

graphic system contaminants. Another advantage resulting from the use of

GC�GC is the increased detectability (sensitivity) achieved. The modulation

process compresses the band from the first chromatographic column eluate, and

consequently each analyte elutes as a number of narrow and intense peaks which

are more easily detectable (Marriott and Shellie 2002).

The GC�GC technique has been applied to the analysis of many organic

compounds from several different matrices (Murray 2012; Mateus et al. 2008,

2010; Cardeal et al. 2006, 2008). Djokicet al. showed the efficiency of separation

and analysis of organic compounds in biodiesel applying GC�GC-FID (Djokic

et al. 2012). Other studies report the use of GC�GC in biological matrices. In a

study by Amorim et al. (2009), in which polycyclic aromatic hydrocarbons (PAHs)

in urine were analyzed, detection limits were obtained in a range between 0.03 and

0.18 μg L�1 (Amorim et al. 2009). GC�GC has also proven to be effective in the

analysis and quantitation of illicit drugs in blood (Andrews and Paterson 2012).

Some studies have reported the use of GC�GC for qualitative analysis

of alkylphenols and plasticizers in different matrices. A study by Vallejo

et al. showed the possibility of separation of the different OP and NP isomers

when GC�GC coupled with a flame ionization detector (FID) and mass spectrom-

etry detector (MSD) were used (Guenther et al. 2006; Vallejo et al. 2011). The use

of GC�GC coupled with mass spectrometry (GC�GC/MS) allowed the separa-

tion and analysis of different isomers of nonylphenol in sewage samples in a study

by Zhang et al. (2012). Studies by Vallejo et al. and Zhag et al. using GC�GC,

exemplify the application possibilities for alkylphenols analysis. However, the

application of GC�GC-FID for quantitative analysis of alkylphenols and

phthalates still little reported for food analysis.
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The efficient separation of analytes made possible by GC�GC allows its

use with low-cost universal detectors such as flame ionization detector (FID).

Therefore, it is an effective alternative for the quantitation of alkylphenols and

plasticizers. The contour diagram obtained in the analysis and quantitation of

phthalates and alkylphenols (Moreira et al. 2015) shows an efficient separation

of some target compounds (Fig. 21.4), even when present in a low concentration

range, μg L�1.

In general, food matrices are complex samples and the use of GC�GC reduces

the possibility of false positive or negative results, since the clear separation of

compounds is obtained. GC�GC enables to reduce or even eliminate matrix

interference in the analysis process of alkylphenols and phthalates. Furthermore,

an increase in detectability is obtained when this chromatographic technique is

applied. In this work, LOD ranging from 0.07 to 0.32 μg L�1 and LOQ ranging

from 0.17 to 0.55 μg L�1 were obtained for some EDCs.
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Chapter 22

Multidimensional Chromatographic
Techniques for Monitoring
and Characterization of Environmental
Samples

Eduardo P. Mateus, Marco D.R. Gomes da Silva, Alexandra B. Ribeiro,

and Philip Marriott

22.1 Introduction

The electrokinetic process (EK) has been applied for removal of inorganic and

organic contaminants in polluted soils (Lageman et al. 1989; Pamukcu and Wittle

1992; Probstein and Hicks 1993; Ribeiro and Mexia 1997; Ribeiro 1998; Ribeiro

et al. 1998; Virkutyte et al. 2002), Cu-Cr-As impregnated wood waste (Ribeiro

et al. 2000), fly ash from straw combustion (Hansen et al. 2001), or municipal solid

waste incinerators fly ash (Pedersen et al. 2001). Research on the application of the

EK has mainly been performed for heavy metals remediation. EK research aiming

organic pollutants remediation can be found on the removal of pesticide/herbicides

(Ribeiro and Mateus 2009; Polcaro et al. 2007), pharmaceutical and personal care

compounds (Guedes et al. 2014), chlorinated solvents (Rohrs et al. 2002; Rabbi

et al. 2002), petroleum hydrocarbons (Murillo-Rivera et al. 2009; Park et al. 2005),

phenol (Acar et al. 1995), polycyclic aromatic hydrocarbons (Alcantara et al. 2008;

Niqui-Arroyo et al. 2006; Maini et al. 2000), or polychlorinated biphenyls (Gomes

et al. 2015). Those studies, conducted with the emphasis on the movement of target

contaminants in the EK system, in order to assess whether the method can be

applied to remove them from polluted matrices, have been performed by spiking the

matrices with the analytes at higher concentrations far from those present in real
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samples or by means of model matrices (e.g., kaolinite), which are much less

complex than real environmental matrices.

The setup of a remediation strategy requires the previous characterization of the

polluted matrices in terms of its chemical composition, and the success of the

remediation process improves with the level of the characterization and contami-

nants monitorization.

However, the elucidation of the behavior of organic contaminants present in real

environmental matrices, when submitted to the EK remediation, is a hard and

challenging task. Environmental matrices produce complex samples, which are

composed by a wide array of components, through volatiles and semi-volatiles

compounds to more heavy compounds, comprising several polarity and concentra-

tion ranges. Thus, the qualitative and quantitative analysis of pollutants in complex

environmental matrices requires a technique able to separate the analytes from the

other components of the matrix. In the past decades, for environmental character-

ization, analysis and identification of environmental contaminants one-dimensional

gas chromatography (1D-GC), often coupled to a mass spectrometry (GC/MS) as a

specific detection method, has been the analytical method of choice. Nevertheless,

in spite of its resolution power and the continuous development of equipment and

analytical methodologies and techniques, the components from environmental

samples may remain difficult or unachievable to separate by 1D-GC. This is

specially the case if additional sample fractionation methodologies prior to the

final analysis are not used, thus promoting coelutions and difficult or ambiguous

compound identification and monitorization (Meyer et al. 1999). This drawback is

due to the complexity of the environmental samples with their large number of

potential components that are usually present in a wider range of concentrations.

Consequently, the trace level analytes, that sometimes are the toxically active

components in the matrix under study, may never be detected, if they are

co-eluting with high concentration compounds. Another potential problematic

issue is related to the existence of possible isomeric configurations of analytes

that, due to its structural similarity, promote almost identical mass spectra and

retention times. This reality, when using GC/MS, jeopardizes analytes identifica-

tions and demands the acquisition of pure mass spectra, a task that makes the

identification process very difficult and sometimes even impossible without the full

separation of peaks in order to assure clean mass spectra.

Consequently, the 1D-GC approach may not always achieve satisfactory results,

although valid, for the chemical composition of environmental matrices, resulting

in a considerable amount of information that remains unexploited or hidden.

The development of new analytical techniques, in order to maximize analyte

separations, has always been a target that is historically highlighted by the progres-

sion of packed column to capillary column chromatography and by the upgrade of

one-dimensional (1D) to multidimensional (MD) chromatography systems. Such

advances aim to reach a higher chromatographic capacity, in order to achieve the

separation for all sample analytes (David and Sandra 1987; Bertsch 1999).
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22.2 Some Theoretical Considerations

The pursuit for multidimensional systems is supported by the limitations of the

achievable maximum number of theoretical plates for a single column in 1D

systems due to inherent physical and statistical constraints (Grushka 1970; Chaves

das Neves and Freitas 1996; Bartle 2002).

The physical limitations may be exemplified, using equation (22.1) (Grushka

1970), to calculate the chromatographic capacity of a capillary column with

50 m� 0.25 mm and df¼ 0.25 μm, assuming R¼ 1 and t2/t1 as 10:

n ¼
ffiffiffiffi

N
p

4R
ln

t2
t1

� �

þ 1 ð22:1Þ

where:

n¼ peak capacity of a single column chromatographic system

N¼ number of theoretical plates of a single column

t1 and t2¼ retention time window, t1 and t2 are retention times

R¼ resolution for the separation of two compounds with retention times t1 and t2.
The estimated value will tell us that theoretically the column will be able to

separate 260 analytes under ideal conditions (Grob et al. 1978, 1981; Bartle 2002), a

number that will be insufficient for some contaminated environmental matrices.

However, when the statistical theory of overlap (STO) is applied (Davis and

Giddings 1983; Martin et al. 1986; Bertsch 1999; Bartle 2002) for the same column,

the result will give us an even more limited picture of separation power in 1D

systems. The maximum number of analytes that the chromatographic column can

theoretically separate is, in equation I, expressed by the capacity factor (n). Statis-
tically, this value decreases because the analytes will be on reality randomly and not

discretely distributed through the chromatographic separation. The STO points out

(22.2) that in a chromatographic analysis the number of separated peaks (S) is

related to the capacity factor of the column (n) and with the total number of analytes

(m) present in the sample (Davis and Giddings 1983; Bertsch 1999; Bartle 2002).

From (22.2), the probability (P) of observing a peak, consisting of one single

component, will be estimated by (22.3).

S ¼ m � exp � 2m

n

� �

ð22:2Þ

P ¼ exp � 2m

n

� �

ð22:3Þ

where:

S¼ number of separated single peaks

n¼ peak capacity of a single column chromatographic system

m¼ number of sample components
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The application of equation (22.3) leads to the theoretical conclusion that for a

sample with 100 components, a column with a capacity for 290 analytes will be

needed in order to guaranty the separation of half of the components (Bartle 2002).

This shows the limitation of 1D-GC, in spite of its high separation power, even under

ideal separation conditions without the variables, peak tailing, and/or the wide

ranges of analytes concentrations that are not considered by the STO (Bertsch 1999).

Due to the potential high complexity of some of the environmental samples,

which easily reach 100 components, in a wide range of concentrations, the occur-

rence of co-elutions became inevitable, even in most efficient columns in 1D-GC.

22.3 Multidimensional Systems

22.3.1 Multidimensional Gas Chromatography
with a Flow Switching Device: GC–GC

The potential high complexity of the chromatograms that result from environmental

samples forwarded the analysts to new ways of chromatography, such as

multidimensional systems, where the analytes are submitted to two or more inde-

pendent separation steps, on independent columns, in order to achieve separation

efficiency.

The classical example came from the “heart-cut” systems using flow switching

devices, interfacing two columns (GC–GC), such as the Deans switch (Fig. 22.1),

Fig. 22.1 Schematic representation of a multidimensional GC system with a heart-cut configu-

ration, using a Dean switch device (DS), INJ injector, DET detector, EPC electronic pressure

control
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based on pneumatic pressure balancing. This configuration allows the isolation of

target peaks, or packet of compounds, by partial selective transference (online

heart-cut), from a primary column to a second column with different selectivity.

On the second column/dimension, the transferred target analytes or the components

of a retention time window (packet) are submitted to improved chromatographic

separation, avoiding the potential co-elution with the transferred interfering peaks

and with the non-transferred compounds that will resume on the first dimension

(Schomburg et al. 1984; David and Sandra 1987; Bertsch 1999; Poole 2003).

Figure 22.2 shows an example of GC–GC, with flame ionization detection (FID),

performed with a Polycyclic Aromatic Hydrocarbons (PAHs) standard mix sample,

using the heart-cut system through a Deans switch device, to target the peak of

Benzo[a]pyrene (B[a]P) that is eluting on a nonpolar column (5 % phenyl in

polydimethylsiloxane) and transferring it to a medium polar column (50 % phenyl

in polydimethylsiloxane) for secondary analysis. Figures 22.3 and 22.4 demonstrate

the applicability of the same system, using the same columns to isolate B[a]P, on

complex chromatograms. In Fig. 22.3, the B[a]P peak is targeted on an atmospheric

particulate matter (PM10) extract and sent to the second dimension where it is

Fig. 22.2 Representation of multidimensional GC–GC analysis from a PAHs mix test sample,

using a heart-cut system to transfer Benzo[a]pyrene. The first top chromatograms show the

primary separation and the bottom ones the resulting heart-cut chromatograms on both dimensions

(Detector: FID, Injection: 1 μL splitless)
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Fig. 22.3 Representation of multidimensional GC–GC analysis from atmospheric particulate

matter (PM10), using a heart-cut system, targeting Benzo[a]pyrene. The top chromatogram

shows the primary separation, and the bottom one the resulting heart-cut chromatograms on

second dimension (Detector: FID, Injection: 1 μL splitless)

Fig. 22.4 Representation of multidimensional GC–GC analysis from a soil polluted with petro-

leum hydrocarbons, using a heart-cut system, targeting Benzo[a]pyrene. The top chromatogram

shows the primary separation, and the bottom one the resulting heart-cut chromatograms on

second dimension. The major peak overlaying B[a]P transferred peak is its standard used for

retention time confirmation (Detector: FID, Injection: 1 μL splitless)
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separated from the interferences that co-elute with it on the first dimension. Note

that on the first dimension the baseline hides the peaks. A more dramatic example is

shown in Fig. 22.4, where the B[a]P peak is targeted on a chromatogram from an

extract of a soil polluted with petroleum hydrocarbons. The chromatogram is very

complex, being impossible to detect B[a]P. After the cut, a large gap is easily

observed on the first dimension, a sign of the amount of compounds that are

co-eluting. In spite of its trace amount, the B[a]P peak is detected on the second

dimension and isolated from other peaks, including a significant amount of matrix

interference components. These examples clearly show the power of the technique

for target analysis, even using an “almost universal” detector such as the FID,

which do not perform structural identifications.

In spite of its efficiency for target analysis, the MDGC is a time-consuming

technique, with long analysis times, which may not fit with the demands of routine

analysis. Additionally, it may be technically impractical to analyze, on the fly, all

the target compounds that elute from the first dimension or carry out sequential

transfers in a narrow window of retentions times. The probability of new

co-elutions on the second column (Poole 2003) will increase, leading to system

inefficiency if large amount of analytes need to be monitored on the same chro-

matographic run. However, this apparent disadvantage may be compensated by the

accessible information content of the data that is processed in the same way as in

1D-GC and by its operational simplicity.

22.3.2 Comprehensive Two-Dimensional Gas
Chromatography: GC�GC

In 1991, Liu and Phillips (1991) introduced the comprehensive two-dimensional gas

chromatography (GC�GC). The GC�GC system consists of two columns with

different selectivities that are serially connected through a suitable interface, which

usually is a thermal modulator (Fig. 22.5) (Phillips and Beens 1999; Marriott and

Shellie 2002; Dimandja 2003). At the GC�GC technique, the entire sample separated

on the first column is transferred to the second one, resulting in an enhanced chromato-

graphic resolution into two independent dimensions, where the analytes are separated

by two independent mechanisms (orthogonal separation) (Schoenmakers et al. 2003).

By definition, a chromatographic method is considered comprehensive if (1) the

sample transfer from the first to the second column is qualitatively and quantitatively

complete; (2) the orthogonality principle is respected, meaning that both separation

mechanisms are independent; and (3) the separation on the first column is preserved

on the second one (Bertsch 2000; Dallüge et al. 2003; Schoenmakers et al. 2003).

Operationally, the most important component in the GC�GC system is the

interface. The common interface comprises usually a thermal modulator, which

either performs heating (to accelerate solute into a narrow band in the second

column) or cooling (to retard analyte and cause on-column trapping or cryofocusing

of the bands) or both, depending on the design.
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The modulator collects and cuts the effluent from the first column into small

portions, which are refocused and sampled onto the second column, in the form of

narrow pulses. The modulation is thus the sequential liberation of the solute from the

first column onto the second column, preserving and further fractionating the sepa-

ration obtained on the first column. Additionally, since themodulated zones of a peak

analyte are thermally focused before the separation on the second column, in a mass

conservative process, the resulting segments (peaks) of the modulation are nowmore

intense, with higher S/N ratios, and much narrower than in conventional GC (Lee

et al. 2001; Dallüge et al. 2002b), improving the detection of trace analytes and the

chromatographic resolution (Fig. 22.6). An example of the modulation effect, with

the promoted increase of analytes S/N ratio, and the resulting increase in sensibility,

can be observed on Fig. 22.6 for an extract from a soil polluted with hydrocarbons.

In theory, the total peak capacity n in GC�GC is the product of the peak

capacities of the two individual columns n1 (column 1) and n2 (column 2), which

results in separation potential nt¼ n1� n2, that theoretically is much higher than in

any other chromatographic arrangements (Fig. 22.7) (Venkatramani et al. 1996;

Bertsch 2000).

In order to maximize the column peak capacities and the separation power of the

GC�GC system, the separation mechanisms in both columns should be based on

different and independent physical–chemical interactions (orthogonality)

(Venkatramani et al. 1996; Phillips and Beens 1999; Marriott and Shellie 2002;

Dallüge et al. 2003; Dimandja 2003; Schoenmakers et al. 2003), meaning that

columns with stationary phases with maximum different selectivity should be

selected for both dimensions. The first dimension columns have usually nonpolar

Fig. 22.5 Schematic representation of a GC�GC system (modulator: longitudinally modulated

cryogenic system—LMCS)
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stationary phases and promote separation mainly due to the volatility of sample

components (boiling point separation) (Phillips and Beens 1999; Marriott and

Shellie 2002; Dallüge et al. 2003). The first column is usually of standard dimen-

sions (e.g., 30 m� 0.25 mm; df¼ 0.25 μm), and the time scale of the first dimension

separation corresponds to a normal GC separation, resulting in peak widths of

several seconds. The second-column stationary phase is usually polar, or

mid-polar (Beens et al. 2000; de Geus et al. 2001; Dallüge et al. 2002a). Fast GC

can be performed in the second dimension column if a short narrow bore column

(e.g., 1 m� 0.1 mm� 0.1 μm) is used. This configuration allows that the total time

of the chromatographic run on the second column never exceeds more than a few

Fig. 22.6 Chromatograms from the same extract of a polluted soil sample obtained by conven-

tional 1D-GC-FID (a), and by modulated GC�GC-FID (b), showing the peak signal increment

(Injection: 1 μL in splitless)

Fig. 22.7 Schematic

representation of peak

capacity for two individual

columns A (column 1) and

B (column 2) in 1D-GC

and coupled for

multidimensional GC using

heart cut and GC�GC

configurations
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seconds. This means that the second-column separation is performed essentially

under isothermal conditions (Beens et al. 1998) and, therefore, analyte separation is

based only on their polarity or on another property independent from the first

dimension. Additionally, using the short narrow bore column the actual total run

time of both 1D-GC and GC�GC analysis, for the same sample, will be approx-

imately the same (Marriott and Shellie 2002; Dallüge et al. 2003).

The very fast separation in the second column results in very narrow peaks with

widths between 0.1 and 0.6 s (Beens et al. 1998; Lee et al. 2000; Marriott

et al. 2000), that require high data acquisition rate detectors (50–100 Hz) to obtain

sufficient number of data points over a chromatographic peak for its accurate

description (Zrostlı́ková et al. 2003). The use of detectors, such as FID (Frysinger

et al. 1999), electron capture detector (ECD) (de Geus et al. 2000; Korytár

et al. 2002), nitrogen phosphorous detector (NPD) (Khummueng et al. 2006; Ochiai

et al. 2007; Mateus et al. 2008), and mass spectrometer detectors with quadrupoles

(qMS) (Song et al. 2004; Adahchour et al. 2005; Mateus et al. 2008) and time-of-

flight mass analysers (TOFMS) (Dallüge et al. 2002c; Ma et al. 2007; Mateus

et al. 2008), on GC�GC applications, has been described in the literature. How-

ever, for mass spectrometry, the fast acquisition TOF mass analysers are the

suitable detectors for this technique and have considerably driven and enlarged

the application potential of GC�GC.

After data acquisition, suitable software is used to generate a reconstructed

two-dimensional chromatogram, or a 3D plot; which is the representation of the

linear modulated chromatograms projected on the second dimension for each mod-

ulation. The independent second dimension chromatograms are aligned in a

bidimensional plane, the GC�GC data contour plots representing the “bird’s-eye

view” of the chromatogram, where the X-axis represents the separation on the first

column, the Y-axis the separation achieved on the second column and, for the 3D

plots, the Z-axis the intensity of detector response (Marriott and Shellie 2002; Dallüge

et al. 2003; Dimandja 2003). Figure 22.8 shows a representation of a one-dimensional

chromatogram versus the two-dimensional contour plot GC�GC chromatogram for

the same chromatographic window. It must be pointed that any peaks that are

vertically aligned are co-eluting on the first column, and thus preventing 1D-GC-

FID to be used for their monitorization purposes, a situation that is overtaken for

GC�GC-FID since the peaks are adequately resolved on the 2D plot.

In Fig. 22.9, one can observe the separation obtained for a creosote sample,

where the compounds show a very good resolution between themselves and from

the matrix interferences.

Due to the orthogonal separation occurring in both columns, the chromatograms

resulting from GC�GC are ordered, producing structured chromatograms, where

the analytes have their spatial location, in the contour plot, based on their structures

and thus physical–chemical nature (Phillips and Beens 1999). In the reconstructed

2D contour plots, characteristic patterns are obtained, in which the members of

homological series with different volatilities are ordered along the first dimension

axis, and the compounds are scattered along the second dimension axis according to

their polarity (for a nonpolar–polar column set). This cluster representation of
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Fig. 22.8 Representation of the process of a GC�GC chromatogram: (Top) raw linear chro-

matogram showing the elution profile in 1D-GC; (Bottom) the software processed GC�GC

chromatogram visualized as a two-dimensional contour plot (Electrokinetic remediation of

wood treated with creosote: Catholyte sample)

Fig. 22.9 Comprehensive two-dimensional separation space for a creosote sample GC�GC

analysis
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various subgroups of analytes in the GC�GC contour plots, that turn in some way

the 2D space in chromatographic maps of chemical properties, may be used as a

tool for compound class analysis, tentative identification/detection of analytes

(Frysinger et al. 1999; Korytár et al. 2002), and matrix characterization

(Fig. 22.10) with the use of any detector.
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