
Series Editor: David J. Lockwood
Nanostructure Science and Technology

Ligia Maria Moretto
Kurt Kalcher    Editors 

Environmental 
Analysis by 
Electrochemical 
Sensors and 
Biosensors
Volume 2: Applications



Nanostructure Science and Technology

Series Editor:

David J. Lockwood, FRSC

National Research Council of Canada

Ottawa, Ontario, Canada

More information about this series at http://www.springer.com/series/6331





Ligia Maria Moretto • Kurt Kalcher

Editors

Environmental Analysis
by Electrochemical
Sensors and Biosensors

Applications

Volume 2



Editors
Ligia Maria Moretto
Department of Molecular Sciences
and nanosystems

University Ca’ Foscari of Venice
Venice, Italy

Kurt Kalcher
Institute of Chemistry
Universität Graz
Graz, Austria

ISSN 1571-5744 ISSN 2197-7976 (electronic)
ISBN 978-1-4939-1300-8 ISBN 978-1-4939-1301-5 (eBook)
DOI 10.1007/978-1-4939-1301-5
Springer New York Heidelberg Dordrecht London

Library of Congress Control Number: 2014949384

© Springer Science+Business Media New York 2015
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief excerpts
in connection with reviews or scholarly analysis or material supplied specifically for the purpose of being
entered and executed on a computer system, for exclusive use by the purchaser of the work. Duplication
of this publication or parts thereof is permitted only under the provisions of the Copyright Law of the
Publisher’s location, in its current version, and permission for use must always be obtained from
Springer. Permissions for use may be obtained through RightsLink at the Copyright Clearance Center.
Violations are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.
While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Foreword

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

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

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

diversity of sensing requirements. The detection and monitoring of environmental

analytes is a particularly important and demanding area in which electrochemical

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

nities and challenges are constantly emerging.

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

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

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

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

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

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

analytical chemists.

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

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

stimulating further research.

Oxford University

Oxford, UK

Richard G. Compton
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Preface

Dear Reader,

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

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

an intersection of two scientific areas of essential importance: environmental

chemistry and electrochemical sensing.

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

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

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

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

nologies makes them useful for chemical analysis and characterization of analytes

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

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

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

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

or even permanent analytical devices. Environmental analytical chemistry demands

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

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

cases only by electrochemical sensing elements.

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

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

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

chemical sensors.

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

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

environmental analysis and electrochemical sensors,

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

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

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

fundamental as well as advanced sensor technology;

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

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

with the principles and strategies of electrochemical sensor design.

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

mentary to the examples given in volume I, and

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

inorganic and organic analytes and pollutants, including emerging contaminants,

as well as for the measurement of global parameters of environmental

importance;

2. reviews briefly the mathematical background of data evaluation.

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

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

Environmental Analysis with Electrochemical Sensors and Biosensors more than

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

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

specialized areas in analytical and environmental chemistry requires the expertise

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

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

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

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

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

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

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

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

pleasant manner.

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

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

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

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

working in the field of environmental sensing.

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

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

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

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

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

reflected in our future work.

Venice, Italy Ligia Maria Moretto

Graz, Austria Kurt Kalcher

December 2013
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Part I

Sensors for Measurement of Global
Parameters



Chapter 1

Chemical Oxygen Demand

Usman Latif and Franz L. Dickert

1.1 Introduction

Organic pollution in water can be monitored by measuring an important index

called chemical oxygen demand (COD).1 Different countries such as China and

Japan set this parameter as a national standard to investigate the organic pollution in

water. The conventional method to measure the COD is the determination of excess

oxidizing agent such as dichromate or permanganate left in the sample.2 Thus, COD

is defined as the number of oxygen equivalents required to oxidize organic mate-

rials in water. In the conventional method, a strong oxidant such as dichromate is

added to the water sample to digest the organic matter whereas the remaining

oxidant is determined titrimetrically by using FeSO4 as the titrant. However,

some drawbacks are associated with this procedure as it requires almost 2–4 h to

complete the analysis.3,4 Thus, rapid as well as automatic analysis is not possible by

using this method. Moreover, skilled workers are required to produce reproducible

results. In addition, health issues and safety concerns also arise because of the

consumption of expensive (Ag2SO4), corrosive (concentrated H2SO4), and toxic

(Cr2O7
2�) chemicals.5,6

The problems associated with the conventional method can be prevented by

utilizing electrochemical treatment of wastewater having organic pollutants.7,8 The

basic principle of this procedure is to electrochemically oxidize organic matter by

U. Latif
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applying a high potential. This method will degrade organic pollutants into water

and carbon dioxide whereas the amount of charge required for electrochemical

oxidation is directly proportional to the value of COD. However, this method is

practically impossible by using ordinary electrodes because it requires very high

potentials to degrade organic pollutants which results in the oxidation of water. In

order to shorten the oxidation time, thin-layer electrochemical cells were also

fabricated for complete oxidation of organic pollutants.9,10 In these cells a thin

layer of the sample (2–100 μm) was allowed to rest on the electrode surface. This

thin-layer electrochemical cell realizes time-effective electrolysis of sample layers

with a large ratio of electrode area to solution volume. The coulometric analysis of

COD via exhaustive oxidation of organic species is still difficult and requires a long

time of about 30 min even in the thin-layer electrochemical cell. In order to

overcome these problems, a number of electrodes were designed by coating with

electrocatalytic materials which lower the oxidation overpotential as well as

shorten the reaction time. The determination of COD in water samples is necessary

to evaluate its quality because normally in slightly contaminated water the value of

COD is 20–25 mg/L of consumed oxygen11 and in extremely contaminated indus-

trial wastewater streams its value may increase to 100,000 mg/L.12

1.2 Sensors

1.2.1 Pt/PbO2 Ring-Disc Electrode

The reaction kinetics are very slow when oxidation of the COD pollutants is carried

out with oxygen, K2Cr2O7, KMnO4, and Ce (IV) which leads to an incomplete or

even non-occurring oxidation of some organic compounds even when employing a

time-consuming refluxing process in the conventional method. Moreover, inorganic

compounds such as (Cl�, Fe2+) may also be oxidized. Thus, the COD values do not

actually reflect the actual concentration of organics present in the sample. In order

to overcome these problems, there should be such a species as part of a redox

system which should oxidize COD pollutants rapidly and selectively. Moreover,

this species should have enough lifetime to react with all the organic species present

in the sample. The generation of hydroxyl radicals as an unstable intermediate in

the oxygen evolution reaction at the electrode is capable to address all the issues

concerning COD values.

A rotating ring-disc electrode (RRDE) was utilized for the determination of

chemical oxygen demand (COD).3 A PbO2 layer was deposited on the platinum

disc surface of the ring-disc electrode because lead oxide is a promising candidate

for the direct oxidation of carbohydrates and amino acids. This device was fabri-

cated in such a way to produce a strong oxidant by in situ formation of an aggressive

species which oxidizes the compounds that contribute to COD. The aggressive

species which are left behind after oxidizing the compounds react with oxygen

720 U. Latif and F.L. Dickert



which is monitored at the ring electrode. In such type of COD sensor, a strong

oxidant is electrochemically generated at the disc part of the rotating ring-disc

electrode. The COD pollutants are exposed to the RRDE, and some of the pollutants

will be directly converted to its elementary components (CO2 and H2O) at the disc

surface while others will be converted indirectly with the generated oxidant at the

disc surface. Thus, organic compounds will be degraded via two different paths.

Some organic compounds are directly oxidized at a potential where also the oxygen

evolution occurs, and then hydroxyl radicals will be produced as an intermediate.

These hydroxyl radicals will consume the rest of the organic compounds and excess

of hydroxyl will also be oxidized to oxygen. The generation of a strongly oxidizing

agent at the electrode surface has the advantage that it would keep the surface clean

by avoiding the adsorption of substances.

1.2.2 F-Doped PbO2-Modified Electrode

In another approach the electrocatalytic activity of lead oxide was enhanced with

fluoride doping. The F-doped lead oxide-modified electrode leads to the fabrication

of an electrochemical detection system for flow injection analysis to detect the

chemical oxygen demand (COD) in water samples.13 The combination of flow

injection analysis with electrochemical detection of COD results in the develop-

ment of a low-cost, rapid, and easily automated detection system with minimum

reagent consumption. The basic principle of the F-doped lead oxide electrode is the

generation of hydroxyl radicals which are subsequently utilized for the oxidation of

COD pollutants in order to determine the COD value. It is a multistep process: at

first, hydroxyl radicals will be produced at the surface of the F-PbO2 electrode by

the anodic discharge of water:

S½� þ H2O ! S OH½ � þ Hþ þ e�

These hydroxyl radicals will be adsorbed on the unoccupied surface sites

(S[]) forming S[OH] which represents the adsorbed hydroxyl radicals. The

electrocatalytic activity of lead oxide is amplified with the doping with F� because

it increases the number of unoccupied surface sites.14 If the reverse discharging

reaction is ignored then the O-transfer step can be represented by the following

equation:

S OH½ � þ R ! S½� þ ROþ Hþ þ e�

The COD pollutants are electrocatalytically oxidized by the surface sites and output

current signals are produced which are proportional to the COD value. R represents

the organic pollutants which are oxidized to RO by the hydroxyl radical. However,

the current efficiency of the O-transfer reaction will be decreased by the

1 Chemical Oxygen Demand 721



consumption of hydroxyl radicals which results in the evolution of oxygen by the

following reaction:

S OH½ � þ H2O ! S½� þ O2 þ 3Hþ þ e�

The higher the overpotential of materials for oxygen evolution, the better the

reaction compels the physisorbed hydroxyl radicals to oxidize the organics rather

than to turn into oxygen.

1.2.3 Rhodium Oxide–Titania Electrode

Dimensionally stable anodes (DSAs) are usually fabricated by depositing metallic

oxides on a metal substrate such as titanium. In order to synthesize DSAs, a

precursor such as metallic chloride is decomposed in an oven or by electromagnetic

induction heating. However, this procedure is very complex and requires a lot of

time to complete. These problems can be solved by using the laser as a heat source

for developing DSAs via calcination. The designed DSA possesses very unique

properties of high corrosion resistance, robustness, and electrocatalytic abilities.

The electrocatalytic activity of DSAs is attributed to the formation of hydroxyl

radicals at the electrode surface. These physisorbed species, generated by the

oxygen evolution reaction, has the ability to oxidize organic pollutants electro-

chemically. However, a severe side reaction occurs simultaneously which con-

sumes hydroxyl radicals and results in the evolution of oxygen. Thus, this side

reaction competes with the oxidative degradation of organic pollutants and lowers

the current efficiency. The problem can be solved by using higher overpotential

metal oxides for oxygen evolution which preferentially compel hydroxyl radicals to

electrocatalytically oxidize organic compounds rather than to release oxygen. A

Rh2O3/Ti electrode was prepared by laser calcination to develop an amperometric

sensor for the determination of COD.15 Electrocatalytic oxidation of organic

compounds could be monitored with this electrode in flow injection analysis. The

current responses from the oxidation of the organic contaminants at the electrode

surface were proportional to the COD values.

1.2.4 Boron-Doped Diamond Electrode

Boron-doped diamond (BDD) possesses unique properties such as a wide-range

working potential, low background current, stable responses, environmental friend-

liness, and robustness.16,17 Thus, boron-doped diamond is an excellent material to

design a sensing electrode for electrochemical water treatment.18,19 A BDD film

can be deposited on a support electrode by microwave plasma chemical vapor

deposition.
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The BDD electrode was employed as a detecting element for determining COD

in combination with flow injection analysis (FIA).20 This continuous flow method

led to the development of an online amperometric COD monitoring system which

reduced the analysis time significantly. The BDD electrode was deactivated if the

applied voltage was very low because of the electropolymerization of some

organics such as phenol on the surface of the electrode. This inhibition of electrode

could be overcome if a high voltage was applied to hinder the polymerization of

organic compounds. The COD values monitored by this rapid online system were

closely related to the conventional method. The electrode with BDD acts as a

generator for hydroxyl radicals due to its wide electrochemical potential window,

and high oxygen evolution potential.21 The electrochemical oxidation of organic

pollutants in water samples by employing BDD electrode is a direct or a hydroxyl

radical-mediated process. However, oxidative degradation of organics is mainly

dominated by indirect hydroxyl radicals at high potential. Moreover, the oxidative

potential of hydroxyl radicals decreases with an increase in pH. At the same time,

the overpotential for oxygen evolution will be lowered when the solution becomes

more alkaline which leads to oxygen bubbles at the electrode. The excellent

correlation of the BDD-detecting element with the conventional method supports

the suitability of the proposed sensor for COD detection.

1.2.5 Nano Copper-Modified Electrode

The electrochemical deposition of Cu nanoparticles on a Cu disc electrode led to the

fabrication of a sensor device for chemical oxygen demand (COD).22 The modifi-

cation of the Cu disc electrode with Cu nanoparticles by using controlled-potential

reduction greatly increased the oxidation current signals in comparison to the

simple Cu disc electrode. The increase in sensitivity was attributed to the large

surface area, and enhanced active sites of nanomaterials in comparison to bulk

materials. Thus, nano-Cu exhibited high catalytic activity which resulted in a

decrease of the oxidation overpotential and an enhancement of the current signals

of the oxidation of organic compounds present in water. In this way, a very sensitive

and stable amperometric sensor was developed for the detection of COD.

1.2.6 Activated Glassy Carbon Electrode

A special carbon material called glassy carbon is widely used as electrode material

in the field of electrochemistry. The responsive behavior of a glassy carbon

electrode (GCE) can be greatly enhanced by means of electrochemical treatment.

The GCE can be activated by cyclic sweeps23 or constant potential oxidation.24 The

activation of glassy carbon electrode (GCE) by applying constant potential oxida-

tion tailors its surface morphology, functional groups, and electrochemical activity.
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The oxidative activation method introduces thornlike nanostructures as well as

hydroxyl groups on the surface of a GCE which will enhance its electrochemical

activity.25 This strategy develops a very sensitive, low-cost, and simply fabricated

amperometric COD detection system having better practical applicability and

accuracy.

1.2.7 Cobalt Oxide-Modified Glassy Carbon Electrode

The modification of a glassy carbon electrode with cobalt oxide led to an excellent

sensor for chemical oxygen demand.26 The sensing film of cobalt oxide was

prepared on the surface of a glassy carbon electrode via constant potential oxida-

tion. Co(NO3)2 was used as a precursor for the electrochemical deposition of a thin

and homogeneous layer. The electrocatalytic ability of the cobalt oxide film was

directly related to the potential applied to the electrochemical film deposition. The

sensing film which was prepared at an optimized potential (1.3 V vs. SCE) had a

high surface roughness, which enhanced its response area and the number of active

sites. The high valence cobalt in the sensing film had the capability to catalytically

oxidize reduced organic compounds which led to a decrease of the current signal at

0.8 V vs. SCE. The cobalt oxide film was highly useful for COD determinations and

the results were reproducible as the response signal decreased sharply after the

addition of the wastewater.

1.2.8 Nickel Nanoparticles

The physical and chemical properties of metal nanoparticles greatly differ from

their bulk materials because of their morphology. Nanoparticles show excellent

catalytic activity and selectivity towards different analytes if their shape and sizes

are properly controlled.27 The convenient and most suitable way for synthesizing

metal nanoparticles is electrochemical deposition. Nickel nanoparticles can be

deposited on the electrode surface via galvanic or potentiostatic deposition. A

process of constant potential reduction was employed for electrochemically depos-

iting nickel nanoparticles on the surface of a glassy carbon electrode by utilizing

NiSO4 as precursor. The sensitive surface fabricated in this way exhibited high

electrochemical activity to oxidize reduced organic compounds which resulted in

an increase of the oxidation current signals. The catalytic activity of Ni

nanoparticles could be enhanced by optimizing the preparation parameters such

as reduction potential, deposition time, pH value, and concentration of nickel ions.

By optimizing these parameters the shape and sizes of particles were controlled

which lead to the fabrication of a sensitive detection tool for the chemical oxygen

demand but with poor reproducibility.28
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1.2.9 Nickel-Copper Alloy Electrode

An environmentally friendly sensor was developed by fabricating a nickel-copper

(NiCu) alloy electrode to determine the chemical oxygen demand.29 The NiCu

alloy film was applied to modify the surface of a glassy carbon electrode which led

to a very stable detecting element. The surface morphology of NiCu alloy was

investigated by atomic force microscopy which confirmed its continuity and uni-

form thickness over the entire electrode. The chemical composition of the devel-

oped NiCu film was evaluated by energy-dispersive X-ray spectrometry which

revealed 69 % presence of Ni in the alloy.

Nickel is widely used as an electrode material for electrochemical water treat-

ment as well as in many electrochemical analyses. Moreover, it is an excellent

electrocatalyst for oxidizing different organic compounds on the basis of the Ni

(OH)2/NiOOH redox couple. Mixing of Ni with Cu enhances the electrocatalytic

activity as well as provides long-term stability to the structure. In addition, a wide

range of composition of NiCu alloys is possible because both metals have similar

face-centered cubic structure.30 The addition of Cu to the Ni(OH)2/NiOOH redox

couple suppresses the formation of γ-NiOOH and enhances the formation of

β-NiOOH which is an excellent electroactive substance. The electrochemical activ-

ity of NiCu alloy was evaluated by cyclic voltammetry where the electrochemically

relevant reactions were attributed to the Ni(II)/Ni(III) redox couple31:

Niþ 2OH� � 2e� ! Ni OHð Þ2

Ni OHð Þ2 þ OH� � e� $ NiOOHþ H2O

The formation of Ni(OH)2 at the electrode leaves behind a Cu-enriched surface

which can be also oxidized to Cu2O and finally to Cu(OH)2. At the end, the surface

film will be a mixture of NiOOH and Cu(OH)2 where the counterions are mobile

enough to maintain electroneutrality at the electrode surface during the redox

process. When a NiCu alloy-modified electrode comes in contact with organic

pollutants present in the sample the Ni(III) species rapidly oxidize them and form

Ni(II) species, as follows:

Ni OHð Þ2 þ OH� ! NiOOH þ H2Oþ e�

NiOOH þ organics reducedð Þ þ H2O ! Ni OHð Þ2 þ organics oxidizedð Þ þ OH�

The electrocatalytic activity of the NiCu alloy electrode is higher than of a Ni

electrode because the Cu(OH)2 species enhance the formation of the β-NiOOH
phase and suppress the formation of γ-NiOOH. The proposed sensor device based

on NiCu alloy is a promising tool for the determination of COD in water quality

control and pollution evaluation.
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1.3 Total Organic Carbon (TOC)

Total organic carbon is considered as a parameter to assess the organic pollution of

a sample.32 In order to measure the TOC in aqueous solutions two digestion

procedures33 are employed such as high-temperature combustion34 and photo-

oxidation35 to degrade organics. The basic principle of the abovementioned

methods is the complete conversion of organic compounds to carbon dioxide.

Then, the evolved carbon dioxide is detected by following traditional analytical

techniques such as infrared spectrometry, coulometry, conductivity, flame ioniza-

tion, or ion chromatography. Both methods demand certain protocols, as oxidation

via combustion requires high temperature as well as expensive thermal catalysts.

The second method needs UV light of shorter wavelengths in the presence of

peroxodisulfate in the sample to completely oxidize organic compounds at moder-

ate temperature. The inexpensive photo-oxidation method has an advantage of

measuring lower TOC concentrations in comparison to the combustion method.
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Chapter 2

Biochemical Oxygen Demand (BOD)

Usman Latif and Franz L. Dickert

2.1 Introduction

Biochemical oxygen demand (BOD) is a widely used parameter to assess the

organic pollution in water systems. This parameter can be detected by the amount

of oxygen consumed via microorganisms in aerobic metabolism of organic matter

present in the water. The authorized test to analyze biodegradable organic com-

pounds is given by the American Public Health Association Standard Method

Committee that is called a 5-day biochemical oxygen demand (BOD5) test. In

this conventional BOD procedure, the analyte is kept in the dark and in properly

sealed biological reactors after inoculating with a microbial culture (seed), nutri-

ents, and plenty of oxygen. Afterwards, the amount of oxygen is measured which is

consumed by the microorganisms during biological oxidation of organic solutes

over a time period of 5 days.1 Such prolonged analysis makes BOD5 expensive and

requires experienced personnel for reproducible results. This procedure produces

good results; however, it cannot be used for rapid analysis such as environmental

monitoring and/or process control. The first rapid BOD sensor was proposed by

Karube et al. in 1997.2 In this approach, microbes were immobilized on a collagen

membrane and an oxygen electrode was used as an indicator device. The results

were obtained by this method in a short period of time (1 h) and were closely related

to BOD estimates (obtained in 5 days).
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2.2 Sensors for the Determination of BOD

2.2.1 Ferricyanide-Mediated BOD Sensor

The bacterial catabolism can be monitored with redox mediators. These redox

mediators are the species which are able to trap electrons from the redox molecules

involved in the electron transport chain.3,4 By gaining electrons from the reduced

electron transfer chain molecule, the oxidized mediators are reduced. This reduc-

tion of mediators is subsequently monitored electrochemically. A biochemical

oxygen demand (BOD) sensing method was developed by employing ferricyanide

(FC) as a mediator.5 This mediator was anchored on an ion-exchangeable

polysiloxane. The polysiloxane was synthesized from 3-(aminopropyl)

trimethoxysilane by a sol–gel process and ferricyanide was immobilized by ion

association and subsequently utilized for electrode modification. Ferricyanide

(FC) acts as an efficient mediator for shuttling electrons between the redox centers

of reduced bacterial enzymes and the electrode surface.6 In the presence of FC as a

mediator, electrons derived from the oxidation of organic substrates in aerobic

catabolism are transferred to the FC ion which is reduced from ferricyanide to

ferrocyanide,7 as shown in Eq. (2.1). The reduced form is then re-oxidized to

ferricyanide at the working electrode (anode):

CH2O
reduced organicsð Þ

þH2Oþ 4 Fe CNð Þ6
� �3�

ferricyanideð Þ

Microorganisms
������������! CO2

oxidizedð Þ
þ 4Hþ þ 4 Fe CNð Þ6

� �4�

ferrocyanideð Þ

ð2:1Þ

FC as a mediator has an advantage over O2 in designing BOD assays due to its high

solubility, linear working range, as well as allowing higher microbial populations.

The BOD sensor fabricated by utilizing FC as mediator gives an excellent limit of

detection. The results are comparable to the conventional BOD5 method which

proves that the BOD method based on FC is valid for BOD determinations.

2.2.2 Hybrid Material for BOD Sensor

An electrochemical biochemical oxygen demand (BOD) sensor was fabricated by

using an organic–inorganic hybrid material.8 The hybrid material was synthesized

from silica and co-polymerized with poly(vinyl alcohol) and 4-vinylpyridine

(PVA-g-P(4-VP)). Afterwards, Trichosporon cutaneum strain 2.570 cells were

immobilized on the hybrid material. The entrapment of cell strains in extracellular

materials provides considerable advantage over free cells such as enhanced meta-

bolic properties and stability. The hybrid materials also protect them from environ-

mental stress and toxicity. The organic–inorganic material provides a biocompatible

microenvironment to T. cutaneum cells which ensures the long-term viability of
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cells proven by confocal laser scanning microscopy (CLSM). The viability of the

cells is due to arthroconidia (the state of Trichosporon cutaneumwhen stored) which

is produced in the extracellular material.9 The arthroconidia state has the ability to

resist against environmental stress and toxicity. The proposed sensor by utilizing

biocompatible hybrid material could be applied for BOD determinations after

activating the arthroconidia in appropriate conditions.

2.2.3 Mediated BOD Sensor

A flow injection biochemical oxygen demand (BOD) analysis system was devel-

oped by utilizing a microbial approach.10 The flow injection technique has advan-

tage over batch analysis due to the ease of rapid and repetitive measurements. A

yeast strain was isolated from an activated sludge and was utilized as biological

recognition element. This strain was anchored on the substrate made of silica gel

particles and packed into a fixed bed reactor. A redox mediator was employed for

transporting the electrons from the microbes to the electrode surface. The redox

mediators act as electron acceptors from microbes instead of oxygen when organic

substrates are decomposed by microbes. Then, these mediators transport the elec-

trons to the electrode surface such as hexacyanoferrate.5 The mediators are reduced

after accepting the electrons and later are re-oxidized at the electrode surface. The

current produced via re-oxidation of the reduced mediator can be related with the

concentration of organic contents. Potassium hexacyanoferrate(III) was employed

as a mediator. Thus, the mediated BOD sensor device in flow injection mode was

fabricated by immobilizing microbes in a reactor which was further coupled to an

electrochemical flow cell. The designed detection tool was employed to monitor

BOD of shochu distillery wastewater (SDW).

2.2.4 Multi-Species-Based BOD Sensor

A BOD detection system containing single-strain microbes shows good stability as

well as long lifetime. The single-strain sensors have disadvantages regarding

accuracy due to their limited detection capacity for a wide spectrum of substrates.

BOD sensors based on multi-species microbes, however, show high detection

capacity for a wide spectrum of substrates; but their stability is compromised due

to the interference among immobilized multi-species. In the multi-species assay

microbial cells are immobilized on a polymer or hydrogel for BOD monitoring

systems. If the microbes are immobilized by physical adsorption only, then the

activation of the biofilm is very easy but with the disadvantage of limited stability

and reproducibility because microorganisms may leak. Proper immobilization of

microbes prevents the microorganisms from leaking which provides long-term

stability; however, the cross-linked matrix of the hydrogel which entraps the

2 Biochemical Oxygen Demand (BOD) 731



microbes acts as a barrier for the transfer of substrate and oxygen to microbes. Thus,

these surfaces required a long activation process.11 The biofilms prepared for the

BOD system must be activated12 before use and this process takes from hours to

several days, which is liming its applicability.

A stable BOD sensor was designed by immobilizing a multi-species BOD seed

for wastewater monitoring in a flow system.13 The biofilm was synthesized with the

BOD seed in an organic–inorganic hybrid material by which the activation time is

greatly reduced. The hybrid material was based on a silica sol and

co-polymerization was carried out with poly(vinyl alcohol) and 4-vinylpyridine.

This organic–inorganic hybrid eliminated problems like cracking and swelling and

provided a stable biofilm after immobilizing microbes. The multi-species seed was

a commercially available microbial community which was entrapped in the hybrid

matrix. The species comprised seven kinds of microbes which were isolated from

activated sludge. Thus, immobilizing such multi-species on a hybrid matrix led to a

reproducible, long-term stable BOD sensor.

2.2.5 Miniaturized Electrochemical Respirometer

The miniaturization of electrochemical systems is very promising in detecting the

analyte of interest. A miniaturized electrochemical respirometer was designed to

analyze the organic contents in water samples.14 This miniaturized device has the

ability to monitor the analyte semicontinuously in comparison to other BOD

sensors. Thus, the developed sensing tool is based on the concept of a microfluidic

respirometer, a microbial fuel cell in an amperometric mode.15 Thus, it is called a

bioreactor—not strictly a biosensor. The BOD detection device contains two twin

electrochemical oxygen sensors located in parallel chambers. The protection of

electrodes is done by coating with a silicone membrane, and one of them is

subsequently modified by an agarose layer containing Trichosporon cutaneum, a
yeast. The whole system is fabricated by standard microfabrication techniques

while the electrochemical oxygen sensors are used to monitor the BOD. The

microsystem geometry as well as the coating membranes are optimized to maxi-

mize the system output.

The microorganisms consume oxygen in an aerobic process while metabolizing

the organic matter present in the sample. In order to understand the function of the

miniaturized device, we may assume that the medium is homogeneous. The process

can be explained in two steps: At first, bacteria reach an uptake equilibrium with

organic matter present in the sample (Eq. 2.2). Then, in a second step they will

consume oxygen to metabolize that matter into CO2 and water (Eq. 2.3):

Bacteriaþ organics Ð bact-org ð2:2Þ
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bact-orgþ O2 ! bact þ CO2 þ H2O ð2:3Þ

In the abovementioned equations, bact represents microbial cells without reduced

organic matter in their cytosol. The amount of organic matter is represented by

organics which will be degraded by microbes by utilizing oxygen. Thus, the amount

of oxygen consumed is directly related to the organic contents present in the

sample. The term bact-org represents the microbes having reduced organic matter

in their cytosol. The respiration of microbial cells is explained by the second

equation in which bacteria consume organic matter by utilizing oxygen and produce

CO2 and H2O. The last part of this miniaturized BOD detection tool is monitoring

the amount of oxygen at an electrode expressed in simplified form by Eq. (2.4):

O2 þ 4Hþ þ 4e� ! 2H2O ð2:4Þ

The above mechanism of oxygen detection is rather complex16,17 and involves two

separate two-electron steps in order to detect the oxygen content by the electro-

chemical sensor.

2.3 Related Sensors: Bioactivity

Bioactivity sensors (BAS) are related to sensors for the estimation of the BOD, but

they are more general in their working concept.18–20 They rely on the detection of

electroactive metabolites from cultivated biologically active organisms (rather than

oxygen in the case of BOD) and may be, therefore, employed under aerobic as well

as anaerobic conditions. Bioactivity sensors are useful in quality assessments of

wastewaters and may detect the activity of aerobic auto- and heterotrophic biomass,

anoxic denitrificants, and anaerobic microorganisms. The working principle is

based on a biofuel cell where the electron transfer from the biological component

to the anode is the analytically exploitable parameter.

Another assay of bioactivity sensors exploits microorganisms immobilized on

electrode surfaces and monitors their activity in dependence on the surrounding

conditions.21
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Chapter 3

Dissolved Oxygen

Usman Latif and Franz L. Dickert

3.1 Introduction

Dissolved oxygen (DO) plays a vital role in many industrial1,2, physiological,3,4 and

environmental processes. The electrochemistry is greatly influenced by the amount

of dissolved oxygen because of the reduction of molecular oxygen. Monitoring the

percentage of oxygen in cell cultures allows us to screen drugs, cell growth, as well

as toxicity analysis. Measurement of dissolved oxygen in the blood reflects the

hemoglobin-binding sites occupied by oxygen. If the level of oxygen saturation is

low which is called hypoxemia this medical condition is an indication of carbon

monoxide poisoning or chronic obstructive pulmonary disease (COPD).5

A number of chemical and biological reactions in water also depend on the

amount of dissolved oxygen. Monitoring the oxygen in ground or wastewater is an

important test in water quality and waste treatment.6,7 The quality of water can

easily be assessed by the concentration of dissolved oxygen since the metabolic

activity and growth rate of microorganisms and aerobic cells depend on their

oxygen consumption.8

The oxygen present in water systems is due to atmospheric aeration and photo-

synthetic activity. These common sources maintain an adequate level of oxygen in

the aqueous environment which is necessary for the existence and growth of all
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forms of life in water. If the concentration of oxygen in aquatic systems falls below

2 mg/L for some time then it can cause the dying of large fish.9 Thus, the amount of

dissolved oxygen is a vital parameter to assess water quality.

The DO level should be kept high in order to maintain freshwater streams for

swimming or fishing. If the oxygen level drops too low then fish will suffocate and

the aqueous environment will be quite favorable for harmful bacteria. There should

also be an optimum level of dissolved oxygen in the wastewater treatment process

control because the solids in wastewater are allowed to settle and bacteria are added

to decompose this solid. If the concentration of oxygen is quite higher than the

optimum level more energy is required for aeration and processes will become

expensive. If the dissolved oxygen level is low the aerobic bacteria will die and

decomposition ceases.

3.2 Membrane-Covered Electrodes

Selectivity can be introduced to an electrode by covering it with a membrane. This

membrane helps the specific analyte in reaching the electrode surface and leaves

other substances behind. In addition, these membranes also eliminate the problem

of electrode poisoning. The best known example is the Clark electrode which is

covered with a polytetrafluoroethylene (PTFE) membrane. This porous membrane

assists the diffusion of oxygen only. A platinum or gold electrode is first covered

with a thin layer of electrolyte. Then, a PTFE porous membrane is placed over it

which hinders other species except oxygen to permeate to the electrode, thus

avoiding its poisoning. A potential is applied to the working electrode to reduce

oxygen. A silver disc serves as a reference electrode.

3.2.1 Clark’s Electrode

Leland C. Clark developed this well-known oxygen sensor in 1956 which is widely

used for physiological, industrial, and environmental analysis. It is an amperomet-

ric sensor which consists of a working electrode, a reference electrode, and the

electrolyte as shown in Fig. 3.1.

The working electrode (cathode) is made of noble metals such as platinum or

gold, so the cathode material does not take part in the chemical reaction, whereas

the anode is Ag in KCl. A negative potential is applied to cathode relative to the

anode (reference electrode) in order to reduce the dissolved oxygen present in the

solution by the following reaction:

O2 þ 2H2Oþ 2e� ! H2O2 þ 2OH�

H2O2 þ 2e� ! 2OH�
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The electrode surface is isolated by the oxygen-permeable polymeric membrane in

order to avoid the interference of any electroactive species present in the solution

along with DO. As a result, only dissolved oxygen present in the sample will diffuse

through the membrane and be reduced at the cathode surface due to a negative

external potential which will produce an electric current. At a specific value of

polarization potential which depends on the cathode material the current is linearly

proportional to the oxygen concentration.

3.2.2 Pt-LaF3-Sensing Membrane

Xingbo and co-workers designed a device to determine the DO content10 with

a sensor based on metal insulator semiconductor field effect (MISFET) structure.

A LaF3 crystal exhibits extraordinary sensing capability towards oxygen which

makes it an attractive material for researchers.11 In order to fabricate the device,

carbon paste with a Pt-LaF3 mixture film was used as a sensing membrane. The

sensor was assessed with different oxygen concentrations (5–12 ppm) and output

voltage signals were obtained at different temperatures and different biases. The

device with Pt-LaF3 sensor film exhibited excellent sensitivity towards DO con-

centrations. The sensor responded to a change in oxygen concentration producing a

Fig. 3.1 Clark oxygen

sensor
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gate voltage shift of the MISFET which was used to measure DO concentrations.

The gate of the sensor device was developed by following N-type metal oxide

semiconductor (NMOS) technology. Then, the sensing film of Pt-LaF3 was pre-

pared by a carbon paste film. Paraffin wax was used as an adhesive and by melting it

at 60 �C it was spread equally on the surface of the gate which helped in preparing

the film with the sensing mixture after drying.

The device was operated at a constant drain-source current and voltage. The

measurement was carried out with a feedback loop by regulating the reference

voltage.12 The sensor output signals in terms of gate voltage shift were measured as

a function of the DO concentration by a digital voltmeter.

LaF3 was also employed as solid electrolyte while using Pt as a sensing electrode

to develop a potentiometric oxygen sensor.13

3.2.3 PIDS or TiO2 Membrane-Coated Sensor

A potentiometric sensor was developed by Martinez-Manez and co-workers in

thick film technology.14 RuO2 was used as sensitive material whereas this active

electrode surface was covered with a semipermeable polymeric (poly-

isophthalamide diphenylsulfone, PIDS) or ceramic-based (TiO2) membrane. The

measurement of DO could only be carried out effectively if other redox processes

were excluded except the desired reaction which was produced by oxygen.15 This

was achieved by covering the active electrode with a semipermeable polymeric or

ceramic membrane which allowed to pass DO and excluded any other redox-active

species present in solution. A schematic view of the DO potentiometric sensor is

displayed in Fig. 3.2.

This DO electrode consisted of (1) a substrate made of isolating material, (2) a

layer of conductive material with (2a) as the terminal side of this material, (3) a

layer of sensitive material (RuO2), (4) a layer of a polymer or ceramic as oxygen-

permeable membrane, and (5) an isolating layer exposing the active and terminal

sides and covering the rest. The response of the TiO2-coated RuO2 electrode was

monitored in the presence of oxygen in an aqueous environment. Variations in the

Fig. 3.2 Schematic representation of MISFET for dissolved oxygen electrode: (1) substrate,

(2) layer of conductive material, (2a) terminal area, (3) layer of material sensible to oxygen,

(4) layer consisting of a membrane ideally permeable to oxygen and non-permeable to ions, and

(5) isolating layer, adapted from reference [14]
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emf of the active electrode versus an Ag/AgCl reference electrode as a function of

DO concentrations in water were obtained. A linear response with a Nernstian slope

of 59.4 mV per decade was observed in 0.5–8 ppm DO concentration range. This

reaction involved only one electron per oxygen molecule in the reduction process

indicating that superoxide (O2
�) was produced by the reaction O2 + 1e

�¼O2
�.

Excellent emf variations were observed if the active electrode was covered with

an oxygen-permeable membrane because the typical interfering species was the

proton. Non-coated active electrodes gave a linear response against proton concen-

trations in comparison to the oxygen-permeable membrane-coated electrode which

showed a much lower variation of the potential against pH. The PIDS-coated RuO2

also exhibited a linear response as a function of DO concentrations in the range from

0.8 to 8 ppm and showed negligible influence from pH, but the only drawback was

the inferior adherence of the PIDS membrane in comparison to the titania

membrane.

3.3 Modified Electrodes

Aside from covering their surface with a membrane, electrodes can be modified

with an electroactive species. These modifiers act as mediators which help with the

electron transfer between the analyte and the electrode. Moreover, this modification

also helps in lowering the potential needed to reduce oxygen at the electrode

surface. The modified electrodes can be prepared by direct adsorption of

electroactive species or by physically covering the electrode surface. In some

cases, linkers are also employed in order to immobilize the mediators to the

electrode surface. Chapter 16.2 of the volume 1 is dedicated to the many different

aspects of modified electrodes.

3.3.1 Poly(Nile Blue)-Modified Electrode

Electrodes modified with electroactive polymers exhibit considerable sensitivity

and may lower the reduction potential for the detection of oxygen.16 Actually, the

direct reduction of oxygen at solid electrodes requires a highly negative potential.

Electroactive metal complexes such as metal-porphyrins or metal-free organic

compounds can act as electron transfer mediators and are suitable for electrode

modification to determine oxygen.17 Nile blue is a well-known electroactive medi-

ator for electron transfer. Poly(nile blue) film can easily be immobilized on a glassy

carbon electrode by electropolymerization. The resulting layer is very stable which

is attributed to the presence of conjugated aromatic rings in the dye. The poly(nile

blue) layer possesses significant affinity for dissolved oxygen. By the

electrocatalytic activity of this compound oxygen is reduced in a two-electron-

two-proton process at a lower potential as shown in Fig. 3.3.18
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3.3.2 Metalloporphyrin-Modified Electrode

Porphyrins and metalloporphyrins possess distinct properties which make them

attractive as a class of material suitable for modifying electrodes.19 These proper-

ties include electrocatalytic activity, or photoreactivity. Hydrolysis and subsequent

condensation of silanes with metalloporphyrins create a silica matrix in which

metalloporphyrins are covalently bound. The iron(III)-tetra-o-ureaphenyl-

porphyrino silica matrix ((o)-FeTUPPS) is an excellent mediator for electron

transfer; it is obtained by anchoring iron porphyrin tetraurea to a silica matrix20;

the resulting layer is highly stable due to the covalent attachment of the porphyrin to

the silica backbone.21

Modification of the electrode surface with (o)-FeTUPPS leads to the formation

of active sites available for the reduction of oxygen which occurs at a less negative

potential in comparison to the unmodified graphite electrode. If metalloporphyrins

are used for electrode modification, then the reduction of dissolved oxygen can

occur via two mechanisms: reduction of oxygen to hydrogen peroxide by a transfer

of two electrons, or direct reduction to water when four electrons take part in the

process. (o)-FeTUPPS as a modifier catalyzes the two-electron process which leads

to the formation of H2O2 which is determined by a rotating disk electrode.

3.3.3 Cobalt Tetrasulfonate Phthalocyanine (CoTSPc)-
Modified Electrode

In another approach, a DO sensor was proposed by modifying a glassy carbon

(GC) electrode with cobalt tetrasulfonate phthalocyanine (CoTSPc).22 The direct

reduction of oxygen at a solid electrode is a slow process and also requires a high

negative potential which can be lowered by electron transfer mediators that can

shuttle the electrons between oxygen and electrode. Among these mediators,

phthalocyanines acquired a lot of attention because of their catalytic ability and

Fig. 3.3 Electrocatalytic action of poly(nile blue) for the reduction of oxygen, adapted from

reference [18]
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stability.23,24 CoTSPc was immobilized by using a poly-L-lysine (PLL) film which

acted as an excellent stabilizer for CoTSPc modifier.25 This polyelectrolyte avoids

leaching of the electrocatalyst due to ion-pair attraction between the amino group of

PLL and the sulfonic acid group of CoTSPc. The PLL film alone does not create any

effect in reducing dissolved oxygen; the catalytic effect is solely attributed to [Co

(II)TSPc]4� as the active site present in the PLL film.

The influence of CoTSPc and PLL amount in the sensor response was analyzed

and best results were obtained when using 0.8 mmol L�1 of CoTSPc and

0.12 mmol L�1 of PLL. The measurements were carried out by differential pulse

voltammetry (DPV) and chronoamperometry. With the latter technique a linear

response was observed for 0.2–8 mg L�1 DO in solution.

In the DPV measurements, the peak current increased with scan rates from 0.005

to 0.02 V s�1 but accompanied by a broadening of peaks. Best sensitivity was

achieved with a pulse amplitude of 0.075 V and a scan rate of 0.02 V s�1. The DPV

measurements showed a linear response at optimized conditions for concentrations

from 0.2 to 8 mg L�1 oxygen in solution. The device with modified GC exhibited

excellent catalytic activity and shifted the reduction potential of DO by 200 mV

towards less negative value.

3.3.4 Vitamin B12-Modified Electrode

Cobalt-based macrocyclic complexes are some of the catalysts that exhibit signif-

icant catalytic activity against DO.26 Vitamin B12 is a cobalt-based complex and

inherits excellent electrocatalytic properties.27 It can be easily screen printed to

modify the electrode providing DO sensors better than the Clark-type electrode.

The latter should be covered with a permeable membrane and must be properly

maintained. Modifying the electrode with vitamin B12 creates a membrane-free DO

sensor. Tedious maintenance is not required with this kind of sensor. Moreover,

poisoning of the membrane is not an issue anymore. The electrochemical behavior

of the vitamin B12-modified electrode involved in the reduction of oxygen can be

explained by the following equations28:

Electrode-vitamin B12 CoIII
� �þ e� ! Electrode-vitamin B12 CoII

� �

Vitamin B12 CoII
� �þ O2 þ 2Hþ ! Vitamin B12 CoIII

� �þ H2O2

Vitamin B12 CoII
� �þ H2O2 þ 2Hþ ! Vitamin B12 CoIII

� �þ 2H2O

These equations clearly show the electrocatalytic properties of vitamin B12. The

electrocatalytic reduction of oxygen leads to the formation of hydrogen peroxide by

the electrode; H2O2 is then further reduced to water molecules by vitamin B12.
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3.3.5 Manganese Phthalocyanine-Modified Electrode

A mixed oxide matrix comprises a porous framework which makes it a perfect

substrate for the immobilization of electroactive species.29 The surface of the mixed

oxide network is covered with hydroxyl (-OH) groups which allow functiona-

lization with electroactive species. The electrochemical properties, electrical con-

ductivity, as well as stability of transition metal complexes make them a promising

candidate for designing an electrochemical sensor for dissolved oxygen.30 These

properties are associated with the electrons of conjugated bonds and on the central

metal atom as well. The manganese phthalocyanine (MnPc) complex can be

immobilized on a porous network of a mixed oxide matrix consisting of SiO2/

SnO2
31 to which the mechanical stability of the film is attributed. Chemical stability

results from the strong confinement of electroactive species in the pores of the oxide

framework which prevents its leaching over a long time when being in contact with

the solution. Moreover, the confinement of metal complexes in the pores ensures a

homogeneous layer of electroactive species over the whole-electrode surface.

The reduction of oxygen can occur in two different ways, either involving two

electrons yielding H2O2 or through reduction to water with four electrons:

O2 þ 2Hþ þ 2e� ! H2O2

O2 þ 4Hþ þ 4e� ! 2H2O

The estimation of the number of electrons involved in oxygen reduction and the

product obtained can be assessed by rotating ring-disk electrode experiments. This

technique proved the involvement of four electrons when MnPc complex was used

for the modification of electrodes.

3.3.6 Poly(Methylene Blue)-Modified Electrode

Some organic dyes show high electroactivity which makes them useful electron

mediators.32 The electrochemical activity of dyes, such as methylene blue, meth-

ylene green, neutral red, and pyronin B, is attributed to their conjugated ring

structure.33 Modification of electrodes with these electroactive compounds (e.g.,

methylene blue) for the detection of dissolved oxygen yields excellent results.

However, problems are associated with their anchoring on the electrode surface

because they will leach if they are not properly attached. Many organic dyes can be

immobilized on the electrode surface by carbon nanotubes, zeolite, Nafion, silane,

or electropolymerization.

Electrodes which are modified with a dye-polymer exhibit usually good stability,

conductivity, and enhanced electrochemical sensing behavior. Among a lot of other

significant properties silica nanoparticles possess a large surface area and open

space for the immobilization of organic dyes without affecting their inherent
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properties. These nanostructures incorporate dye molecules inside their matrix

avoiding their leaching. The dye molecules trapped in silica nanoparticles are

able to form a polymer which will form a nanocomposite called polymer(dye)-

doped silica nanoparticles. The nanocomposite is electrocatalytically active and

exhibits conductive properties as well. The reduction of oxygen in such a nano-

structured environment involves three steps34:

1. Diffusion of oxygen molecules into the polymeric structure

2. Adsorption of oxygen molecules at the active sites

3. Reduction of oxygen with the aid of the electrocatalyst

Hence, the mechanism of oxygen reduction on polymethylene blue-doped silica

nanoparticles (PMB@SiO2) is described by the following reaction sequence35:

Oxygen diffuses into the polymeric structure and subsequently adsorbs at the

active sites. Afterwards, it is reduced via electron transfer by the following

equation:

O2 adð Þ þ 2Hþ þ 2e� ! H2O2

where the reduced leuco form of methylene blue (LMB) acts as the catalyst:

Electrode-SiO2-poly LMBð Þ � ne� � nHþ ! Electrode-SiO2-poly MB�ð Þ

The overall reaction can be summarized as

Electrode-SiO2-poly LMBð Þ þ O2 aqð Þ ! Electrode-SiO2-poly MB�ð Þ þ H2O2

Leucomethylene blue is regenerated again from the deprotonated form of methy-

lene blue (MB•) by electrochemical reduction:

Electrode-SiO2-poly MB�ð Þ � ne� � nHþ ! Electrode-SiO2-poly LMBð Þ

3.3.7 Nickel-Salen-Modified Electrode

Electrocatalysts which assist multi-electron transfers are of great interest for the

reduction of oxygen because this process involves multiple electron transfer

steps.36 These electrocatalysts facilitate crossing over the activation energy barriers

involved in this process.

Transition metal complexes with Schiff bases as ligands attracted a great interest

in this respect. These metal complexes can easily be immobilized on electrode

surfaces via electropolymerization37 generating an electrically conductive poly-

meric film.38 The reactivity of metal complexes depends on the nature of the metal

as well as on the ligand attached.

3 Dissolved Oxygen 743



A thin film of Ni-salen (salen¼N, N0-ethylenebis(salicylideneiminato)) polymer

on a platinum electrode exhibits a high rate of electron transfer and can be the

platform for a highly sensitive system for the determination of oxygen.39

The Ni-salen polymer promotes the reduction of oxygen via the Ni(II)/Ni

(I) redox couple. Oxygen is reduced directly to water involving four electrons at

a significantly decreased potential.40 The reduction proceeds in two steps as shown

in Fig. 3.4 41:

1. Ni(II) is reduced to Ni(I).

2. Ni(I) reduces oxygen and is oxidized to Ni(II).

The output of the sensor will be in the form of current which is controlled by

oxygen diffusion.

3.3.8 Anthraquinone-Modified Electrode

The high overpotential of the oxygen reduction can be significantly lowered with

electrocatalysts which also improve the speed of electron transfer.42 p-Quinones are

recognized as such type of compounds which can transfer electrons in biological

systems. Thus, among others, anthraquinones attract considerable interest in this

respect because of their p-quinoid substructure which can be easily reduced. In

addition, anthraquinones are also conductive and can be shaped into monolayers.

Thus, anthraquinones can be used for the modification of electrodes for the revers-

ible electron transfer which is attributed to the p-quinones group.43 However, these

Fig. 3.4 The reduction mechanism of oxygen at Ni-salen-modified platinum electrode, adapted

from reference (41)
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electrocatalysts require to be attached covalently; otherwise these they cannot be

used for long-term operation.

The anthraquinone moieties on the surface of electrode show excellent

electrocatalytic ability towards oxygen. The reaction involves the reduction of

anthraquinone to dihydranthraquinone via two electrons and two protons.44 After-

wards, dihydranthraquinone reacts with oxygen and converts it to hydrogen perox-

ide while anthraquinone is regenerated.

3.4 Miniaturized Dissolved Oxygen Sensors

3.4.1 Solid-State Oxygen Sensor

McLaughlin and co-workers designed a microfabricated solid-state oxygen sensor.45

The device consisted of microfabricated electrodes overlaid by a solid-state proton

conductive matrix. It was further encapsulated in a bio-inert polytetrafluoroethylene

(PTFE) film. The sensor characteristics exhibited a linear response to oxygen over a

concentration range from 0 to 601 μM. It was a Clark-type oxygen sensor matrix

consisting of a matrix working electrodes with diameters of 10, 20, 40, and 80 μm;

each element of the matrix consisted of a working, reference, and counter electrode

having a surface area ratio of 1:5:25 in order to gain higher current density at the

working electrode (Fig. 3.5). Afterwards, a proton conductive matrix (PCM) was

deposited on the electrode matrix which was a Nafion-perfluorinated ion-exchange

resin. The hydrophobic structure of the PCM was permeable to oxygen whereas its

hydrophilic region acted as proton transport site. The device was finally encapsulated

with a bio-inert PTFE film which was oxygen permeable.

The fabricated sensor device reduced dissolved oxygen electrochemically and

monitored the resulting current. This sensor could also be used to measure the

oxygen concentration in blood because the electrodes were encapsulated in a

bio-inert oxygen-permeable PTFE membrane. The electrochemical reduction of

Fig. 3.5 Illustration of an

element of the matrix of

electrodes, adapted from

reference [45]
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oxygen is a two-step process which occurs at the working electrode whereas the

counter electrode converts it back into reactants.46

The mechanism of the oxygen reduction at the working electrode (cathode) is

described in the following two equations:

O2 þ 2Hþ þ 2e� ! H2O2

H2O2 þ 2Hþ þ 2e� ! 2H2O

The products formed at working electrode are converted back into reactants at the

counter electrode (anode) by the following process:

2H2O ! O2 þ 4Hþ þ 4e�

This sensor is better than a conventional Clark’s device because there is no net

consumption of any electrode. Both cyclic voltammetric and chronoamperometric

measurements were carried out to analyze the performance of the microfabricated

DO sensor. Good linearity was observed when using 80 μm diameter electrode sets.

3.4.2 Microelectrodes

Microelectrodes are among the most advanced, reliable, and excellent sensing

systems.47 A needle-type microelectrode array (MEA) was also designed for

measuring the concentration of dissolved oxygen in solution.48 The MEA was

fabricated by following microelectromechanical system (MEMS) technologies.

The needle-type nature of the DO sensor allowed the device to penetrate into the

environmental sample. The microelectrodes were made of gold due to its potential

use in measuring DO49 as well as a large number of other analytes.50 The DO-MEA

consisted of four 1 cm long electrically isolated microelectrodes. The DO micro-

electrodes were characterized by using a calibration cell with a commercial

Ag/AgCl reference electrode.

The microelectrode array was polarized before calibration with a negative

voltage to reduce the amount of oxygen to zero on the cathode of the microelectrode

surface which eliminated any disturbances caused by any residual oxygen. Differ-

ent salinities of water samples produced different sensitivities of the microelectrode

array.

The developed dissolved oxygen sensor was capable to operate in multi-species

aerobic films.51 The horizontal and vertical movement of the microelectrodes was

controlled by a micromanipulator. Thus, the MEA could measure microprofiles of

dissolved oxygen in biofilms. The results depicted that the DO concentration was

high at an interface of air–saline solution due to oxygen diffusion. The DO

concentration decreased within the saline-biofilm.
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Chapter 4

pH Measurements

Usman Latif and Franz L. Dickert

4.1 Introduction

pH represents the hydrogen-ion activity of a solution by which we can evaluate the

chemical properties of the solution. This concept was introduced by the Danish

biochemist S.P.L. Sorensen in 1909, director of the Chemical Department of the

Carlsberg laboratories.1 The term pH expresses the solution pressure of hydrogen

ions in aqueous solution called as pondus Hydrogenii or potentia Hydrogenii and

represented as PH¼�log(cH/mol dm�3). According to IUPAC, the activity of

hydrogen ions in solution or pH can be defined in terms of molality:

pH ¼ �logaH ¼ �log
mHγH
m0

where

mH¼molality of hydrogen ion H+

γH¼molal activity coefficient of hydrogen ion H+

m0¼ 1 mol kg�1

The pH is an important parameter when we deal with environmental pollution,

analyzing the quality of water, and even in clinical diagnosis.2,3 This vital parameter
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contributed a lot and still is contributing in advancing different fields such as

pharmacy, chemistry, biology, medicine, industry, agriculture, biochemistry, and

environment.

4.2 Glass Electrode

The glass electrode is a most successful electrochemical sensor which is used to

determine the activity of hydrogen ions H+ in solution. In 1906, Cremer4 discov-

ered that an electrical potential will be generated by using a thin glass membrane

between two aqueous solutions. This was the basic concept by which a pH meter

was developed by F. Haber and Z. Klemensiewicz in 1909.5 The basic principle of

a potentiometric setup consists of an electrolytic cell, which contains two elec-

trodes dipped into a test solution. The classical method to measure the pH value is

based on the glass electrode. This is a convenient and widely used method to

measure the hydrogen ion activity, its effective concentration, of a solution. The

glass electrode is made up of a silver/silver chloride electrode which is prepared by

coating an Ag wire with AgCl. The electrode is dipped in a solution of 0.1 M HCl

having a fixed pH to complete the electrical circuit. The Ag/AgCl electrode is

confined in a thin glass membrane whose advantage is that its permeability is to

hydrogen ions only. The concentration of the internal HCl is kept constant which

will maintain the potential of the Ag/AgCl electrode at a constant value. The

potential will only vary between the outer surface of the glass bulb and the test

solution which is governed by the hydrogen ion activity of test solution. The glass

membrane with the internal Ag/AgCl electrode in 0.1 M HCl (working electrode)

is a half cell which is combined with a reference half cell. The Ag/AgCl is mostly

used as a reference half cell usually immersed in a saturated solution of potassium

chloride.

The potential of the glass electrode is directly related to the hydrogen ion activity

of the test solution. A voltmeter between the two half cells gives a direct reading of

pH of the solution in which it is placed. As the output is a voltage, the voltmeter is

calibrated for pH reading by using one or more solutions of known pH. The

commercial pH electrodes which are commonly available on the market are struc-

tured in a single handling unit, initially suggested by W. Ingold in 1952, by

combining the glass electrode and the reference half cell in a single casing as

shown in Fig. 4.1.

The overall electromotive force (e.m.f.) is determined by:

– The electrode potential (E1) of the internal Ag/AgCl electrode exposed to a

solution of fixed pH.

– The potential (E2) setup across ion-selective glass membrane due to the two

solutions having different hydrogen ion concentrations.

– The electrode potential (E3) of the reference electrode.
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The electrode potentials E1 and E3 remain constant. Thus, the e.m.f. of the glass

electrode is totally attributable to the hydrogen ion activity of the solution being

analyzed. However, many problems are associated with this glass electrode such as

large size, shape, cost, and fragility. These factors limit its applications to specific

environments.6

For proper functioning of the glass electrode, the most important part is the glass

membrane. At first, glass was composed of SiO2, Na2O, and CaO to manufacture

the glass electrode. It gives satisfactory results over the pH range 1–9 but produces

an error in solutions of high alkalinity. This was called an “alkaline error,” at which

the glass electrode gives too low values for the pH. The value for error varies with

the alkali-metal ions in solution. Its value is greater when sodium ions are present

and becomes smaller in solutions containing lithium, potassium, barium, or calcium

ions. Thus, glasses with different composition were tested which should be free

from alkaline errors, and better results were found if most of the sodium content

was replaced by lithium.

The response mechanism as well as the basis of alkaline error can be understood

from the following discussion. The inner side of a glass bulb contains a fixed

concentration of HCl which leads to a constant potential of Ag/AgCl immersed in

it. Thus, it is the outer side of glass bulb which governs the potential depending on

the hydrogen ion concentration in the test solution. When the glass electrode is

soaked in water it will form a hydrated layer on the outer surface of glass.

Fig. 4.1 Combination glass

electrode, adapted from

reference [8]
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This hydrated layer facilitates the ion exchange process. When it is brought in

contact with a solution of definite pH, then the exchange processes of ions com-

mence. The sodium ions present in glass exchange with the hydrogen ions present

in the solution by the following equilibrium:

Hþ
soln þ Naþglass Ð Hþ

glass þ Naþsoln

Thus, due to the ion exchange process the conductivity of the silicate lattice

changes which is related to the pH of the test solution. According to the

abovementioned equilibrium, also the alkaline error can be understood. If a high

concentration of sodium ions is present in the test solution then the ions will pass

into the hydrated layer and provoke a lower pH indicated for the test solution.

In 1930, McInnes worked on the improvement of pH selectivity of the glass

membrane, and now the presently used pH-selective glasses contain 63 % SiO2,

28 % LiO2, 5 % BaO, and 2 % La2O3. Other metal oxides are also used in order to

improve the performance of the glass membrane in alkaline solutions. Another

improvement of the pH meter was induced by replacing the liquid electrolyte by a

gel electrolyte. This replacement was tossed by Ingold in 1986 which inhibits a loss

of electrolyte into the external solution and improves the lifetime of the pH meter.

A conventional pH electrode contains a pH-sensitive glass membrane. Thus, a

number of efforts were put forward in order to replace the glass membrane with

other pH-sensitive materials such as metal oxides, polymers, and carbon nanotubes.

The first dielectric material that was used on open gates of field effect transistors

(ion-sensitive field effect transistor, ISFET) was silicon dioxide by Bergveld7 in

1970. The problem in the ISFET structure is the poor insulation between the device

and the solutions. The ISFET structure was improved by using ion-sensitive

electrodes (ISE). With field effect transistors the gate area can be extended by

using a conductive wire covered with the sensitive membrane. This new approach

helps in enhancing the stability, sensitivity, and flexibility in shaping i.e., minia-

turization of pH-sensitive devices.

4.3 Solid-State pH Sensors

The development of a solid-state glass electrode for the determination of pH of

analyte is complicated. A number of ion-selective field effect transistors have been

designed since 1970 initiated by Bergveld. The signal output of these ISFET pH

sensors is still not so precise as that of glass electrodes but a number of problems

have been overcome by them such as size, cost, and robustness. The principle by

which the ISFET detects changes in pH is that the gate is covered with an

ion-sensitive layer. As the gate is between the drain and the source of the FET, it

controls the flow of the source-drain current. When this solid-state pH electrode

(ISFET) is exposed to either acidic or basic solution, the ion-sensitive layer coated
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on the gate will be protonated or deprotonated. Due to the interaction with the

surrounding solution an electrostatic field is generated (altering the gate voltage)

which controls the flow of current between drain and source and gives a current

output which is interpreted as pH of the test solution. A number of materials are

used to cover the gate of the FET as ion-sensitive films, such as (1) metallic layers

(e.g., Pt), (2) ceramic layers (e.g., alumina, zirconia, silicon nitride, gallium

nitride), (3) polymer materials (e.g., polypyrrole, polyethylene, polytetrafluor-

oethylene), and (4) non-polymeric organic films such as valinomycin.

4.4 Metallic Electrodes

Some metals are also sensitive to H+ ion concentrations. Insoluble hydroxides are

formed when these metals come in contact with aqueous solutions. These

hydroxide-covered metallic surfaces can be used to analyze the change in pH

values. The redox potential of these electrodes directly relates to the proton

concentration in solution. Table 4.1 summarizes different metallic electrodes

along with their redox potentials which are pH dependent.8

Table 4.1 pH dependent potentials of metal-metal oxide electrodes

Group Material Redox equilibrium Ox+ ze�⇌Red E0/V (pH 0) E0/V (pH 14)

IVa Tin SnO2 + 4H
+ + 4e�⇌Sn + 2H2O �0.117 �0.945

Lead HPbO2
� +H2O+ 2e�⇌ Pb + 3OH� (�0.36) �0.537

Va Arsenic As2O3 + 6H
+ + 6e�⇌ 2As + 3H2O +0.234 �0.68

Antimony Sb2O3 + 6H
+ + 6e�⇌ 2Sb + 3H2O +0.152 �0.639

Bismuth Bi2O3 + 3H2O+ 6e�⇌ 2Bi + 6OH� +0.317 �0.46*

Ib Copper Cu2O+H2O+ 2e�⇌ 2Cu + 2OH� (+0.34) �0.36*

Silver Ag2O+H2O+2e�⇌ 2Ag + 2OH� (+0.80) +0.342

Gold H2AuO3
� +H2O+ 3e�⇌Au+ 4OH� +1.50 +0.70

IIb Zinc ZnO+H2O+ 2e�⇌Zn + 2OH� (�0.497) (�1.260)*

Mercury HgO+H2O+ 2e�⇌Hg+ 2OH� +0.860 +0.098

Vb Tantalum Ta2O3 + 10H
+ + 10e�⇌ 2Ta + 5H2O �0.750 �1.578

VIb Tungsten WO2+ 4H
+ + 4e�⇌W+2H2O �0.119 (�0.946)

VIIb Rhenium Re2O3 + 6H
+ + 6e�⇌ 2Re + 3H2O +0.227 �0.600

VIIIb Iron Fe3O4 + 8H
+ + 8e�⇌ 3Fe + 4H2O (�0.085) �0.912*

Nickel NiO+ 2H+ + 2e�⇌Ni +H2O (+0.110) �0.717*

Osmium OsO4 + 8H
+ + 8e�⇌Os + 4H2O +0.838 (�0.00)

Rhodium RhOH2+ +H++ 3e�⇌Rh+H2O +0.83 � 0.00

Iridium Ir2O3 + 3H2O+ 6e�⇌ 2Ir + 6OH� +0.923 +0.098

Platinum PtO2 + 4H
+ + 4e�⇌ Pt + 2H2O +1.0 +0.14

Metals with E� < 0 V dissolve in aqueous solution. The values which are presented in parentheses

represent unstable oxides at these conditions.

* represents those metals whose hydroxides exist in alkaline solutions
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4.5 Metal Oxide Probes

Metal oxides are also promising materials to design pH-sensitive chemical sensors.

In these devices an electric charge is set up at the electrode-electrolyte interface.

The change in electric charge at their interfaces is used to detect the pH of the

solution. Different hydrogen-sensitive metal oxides are in use, such as cobalt oxide,

zinc oxide, tin oxide, molybdenum oxide, tungsten oxide, manganese oxide, ruthe-

nium oxide, and iridium oxide. The pH response of these metal oxides originates

from their oxygen defect stoichiometry which makes them both electronic and ionic

conducting materials. The mechanism of the pH sensitivity in these materials does

not involve redox transitions but ion exchanges at the surface sites.

4.5.1 Ruthenium Oxide

Metal oxides are promising candidate in designing pH-sensitive devices as

explained by Fog and Buck.9 The ruthenium oxide thin film is very sensitive to

hydrogen ions and can be used as a sensitive surface in H+-ion-selective electrodes

(ISE). The film of ruthenium oxide can be deposited by different methods such as

sputtering,10 pulsed-laser deposition,11 sol-gel route,12 and chemical vapor deposi-

tion.13 The general sensing mechanism of ruthenium oxide is reported by

McMurray by considering “oxygen intercalation” which can be expressed as

follows14:

RuO2 þ 2z Hþ þ e�ð Þ Ð RuO2�z þ zH2O

Apart from the intercalation, the responsive nature of ruthenium oxide is due to ion

exchange in a surface layer containing OH groups. This proton exchange mecha-

nism was explained by Trasatti15 as follows:

RuOx OHð Þy þ zHþ þ ze� Ð RuOx�z OHð Þyþz

The responsive behavior of ruthenium oxide is analogous to that of platinum oxides

explained schematically in Fig. 4.2:

Ru½ �OH2 Ð Ru½ �OH� þ Hþ Ð Ru½ �O2� þ 2Hþ

Water molecules will be adsorbed on metal oxide surfaces to compensate the

oxygen defects in the lattice. Afterwards, water molecules will dissociate and the

surface of ruthenium oxide is covered with hydroxide groups. When this layer is

exposed to an electrolyte a Helmholtz double layer is formed at the electrode-

electrolyte interface which is responsible for the electrochemical potential of the

electrode attributed to the pH of the solution.
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4.5.2 Cu2O-Doped RuO2

In order to design a pH-sensing electrode (SE) of ruthenium oxide it can be doped

with other metal oxides such as copper oxide.16 Suitable doping as well as opti-

mizing the microstructures and thickness will generate a highly sensitive electrode

surface of high surface-to-volume ratio with required morphology and porosity.17

The sensing mechanism of this type of electrode is depicted in Fig. 4.3. It can be

seen that the SE contains a complex of metal oxides where the surface of the

electrode is separated by highly defective regions. The doping of ruthenium oxide

will generate paths to transfer the charge carriers. The picture clearly shows three

sections of SE electrode. The first two interfaces are greatly concerned with the

performance of electrode. The outer surface is mainly in contact with the solution

and interacts with the protons. The liquid also penetrates into the pores and interacts

with the inner active surface which is responsible for the electronic charge trans-

port. The third interface is the support of the oxide layer.

Fig. 4.2 Dissociative adsorption of water at platinum metal oxides and proton conductivity,

adapted from reference [8]

Fig. 4.3 Cu2O-doped RuO2-SE showing paths of charge carriers to the Pt support (black), adapted
from reference [16]
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4.5.3 MnO2

MnO2 is a nonstoichiometric compound and exists in different crystal forms. The

better electrochemical behavior and low cost make MnO2 a promising candidate to

be used in dry and alkaline batteries.18 The redox properties of MnO2 are attributed

to its crystal structure which facilitates the diffusion of hydrogen ions and electrons

into its lattice.19 Moreover, the surface of manganese oxide exhibits ion-exchange

characteristics when hydroxidized.20 These properties make MnO2 an interesting

candidate as a pH-sensitive electrode material.

The potentiometric sensor for measuring pH was fabricated by using manganese

dioxide as sensitive layer.21 The MnO2/MnOOH redox system is pH dependent.

When it is exposed to either acidic or basic solutions, MnO2/MnOOH redox

equilibrium is established. The sensing mechanism of sensitive surface is given by

MnO2 þ Hþ þ e� Ð MnOOH

In alkaline medium, manganese oxyhydroxide is a stable species and the

abovementioned sensing mechanism holds. However, in acidic medium MnOOH

is not stable and a disproportionation reaction occurs where Mn+2 ions are formed:

2MnOOHþ 2Hþ Ð Mnþ2 þMnO2 þ 2H2O

Thus, in acidic medium, a MnO2/Mn+2 redox equilibrium is established which is

represented by the following equation:

MnO2 þ 4Hþ þ 2e� Ð Mnþ2 þ 2H2O

The two electrochemical systems are established by similar metal oxide-sensitive

layer. One operates in basic medium and the other in acidic medium.

Such a behavior of MnO2 is not very suitable for measuring the pH because a

good Nernst response cannot be achieved. In order to solve this problem the

sensitive surface of the metal oxide is covered with a Nafion membrane which

protects the surface from complex matrices. In the presence of Nafion, a perfect

MnO2/Mn2+ redox system is present because Nafion is a superacid (from which

Nafion membrane is synthesized). In basic media, only the MnO2/MnOOH redox

couple will exist but in the presence of Nafion (superacid-acidic media) Mn2+ ions

will be produced due to disproportionation of MnOOHwhich leads to the formation

of the MnO2/Mn2+ redox couple for pH sensing.

4.5.4 Titanates

Lithium lanthanum titanates, also called LLTO, are sensitive to pH of the aqueous

solutions.22 These perovskite ceramics show pH-sensitive properties if sintered at

optimum temperature.23 The pH sensitivity of these ceramics (LLTO) depends on
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their surface properties.24 The pH-sensitive surfaces show a number of hydrophilic

characteristics which are attributed to the presence of hydroxyl (OH) groups on the

perovskite ceramic surfaces. The LLTO behave as ionic conductive ceramics and

represent a promising sensitive element in potentiometric devices.25 These ceramic

conductors allow the exchange of ions between analyte solution and ceramic oxide.

The sensitive behavior of these ceramics originates by enhancing their acido-basic

surface characters by heat treatment. The ceramic surfaces contain basic hydroxyl

(OH) groups which can be converted to active hydroxyl groups by proper heat

treatment.26 These active hydroxyl groups show higher electronegativity than

non-active hydroxyl groups and become sensitive to protons present in aqueous

solution. The higher hydrophilic properties of ceramic surfaces are attributed to

these active hydroxyl groups. An array of hydroxyl groups is developed on oxide

ceramics by immersing them in aqueous solution. These hydroxyl groups are

attached to cations which show an amphoteric character to which the pH sensitivity

of these ceramics is attributed. The sensitive behavior of the surfaces can be

explained by the following mechanism as the hydroxyl groups interact with protons

while exposed to acidic solutions:

M-O-Hþ Hþ ! M-O-H2
þ

and in alkaline medium they behave as follows:

M-O-H ! M-O þ Hþ

The hydrophilic character of the LLTO surface is dependent on the presence of

hydroxyl groups. These hydroxyl groups on the surface are formed by the adsorp-

tion or dissociation of water molecules on the LLTO ceramics.27 The oxide ceramic

is able to adsorb water molecules while at high temperature a defective surface is

formed which helps in dissociation of water molecules. When LLTO oxide

ceramics are exposed to an aqueous solution they first adsorb water molecules.

Afterwards, at high temperature, water is decomposed on the surface. The hydroxyl

groups which come from water decomposition will attach to the metal cations

present on the surface. The remaining H groups from decomposed water will link

to oxygen atoms, adjacent to the metal cations of the surface. The electronegativity

and basic character of hydroxyl groups are attributed to the covalency of the (O–H)

group. It also depends on the oxygen coordination.28 In LLTO ceramic structures,

an O atom present in the bulk of the material is more coordinated to the metal

cations in comparison to an O atom present on the material surface. Thus surface

oxygen atoms have a basic character.

Figure 4.4 explains the formation of different hydroxyl groups with different

basic character depending on the O coordination. The hydroxyl group whose

oxygen is attached to one metal cation and is di-coordinated exhibits a more

basic character, whereas the O atom of a hydroxyl group which belongs to the

LLTO lattice and is multi-coordinated is less basic than the former one. Due to

different surrounding environments, five different -OH groups are present on the

surface of ceramics as shown in Fig. 4.5.29
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Ti was also used as a dopant in different materials such as Gd2O3 (as Gd2TiO5)

in order to develop a pH-sensing membrane for ISFETs.30 This doping improves

the crystalline structure of materials which results in fabricating a highly sensitive,

selective, and a low drift pH-sensing system.

Fig. 4.4 The presence of different hydroxyl groups on metal oxide surfaces, adapted from

reference [22]

Fig. 4.5 The hydroxyl groups on an oxide surface exhibit different acido-basic character

depending on surrounding ions. From A to E, the sites become more basic and less acidic. “M”

denotes metal ions on the layer below the surface, adapted from reference [22]
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4.5.5 Titania Nanotubes

The surface morphology, crystal structure, and hydrophilicity of titania nanotubes

make them a promising candidate to design a pH-sensitive device.31 Moreover,

amorphous titania nanotubes show better pH response in comparison to anatase

titania nanotubes. Nanotubes have larger surface areas than thin films. The elec-

trode covered with titania nanotubes shows greater roughness and comes up with

enhanced interaction sites. This phenomenon explains the profound sensitivity of an

amorphous titania nanotube-modified electrode. The hydrophilic properties of

titania are induced by UV illumination. UV light will create a large concentration

of Ti+3 or oxygen vacancies on the rough surfaces of titanium.32 These modifica-

tions will make titania favorable to adsorb hydroxyls from water or air. In this way

the titania-sensitive surface will be more susceptible to diffusion of H+ ions into its

lattice which explains its response mechanism. Thus, the sensitivity and reversibil-

ity of titania nanotubes are greatly enhanced by UV illumination which introduces

surface hydroxyl groups and increases its hydrophilic behavior. The hydrophilic

character of the surface will change to hydrophobic by interacting with oxygen; this

will change the oxidation character from +3 to +4.33

4.5.6 Zinc Oxide

ZnO was also employed to develop a pH sensor by structuring it in the form of

nanorods and nanotubes.34 These materials are very sensitive to the pH of the

solution with good reproducibility and stability.35 Nanotubes exhibit higher sensi-

tivity in comparison to nanorods. The higher response of nanotube towards pH of

electrolyte solution is attributed to the increased effective surface area whereas the

surface-to-volume ratio of nanorods is a bit less than of nanotubes. The electro-

chemical potential of a pH sensor depends on the number of active sites which will

generate the pH-dependent signal. The ZnO nanotubes take lead on nanorods

because of the high density of oxygen vacancies as active sites due to a greater

surface area. The response mechanism of ZnO as ion-sensitive material is explained

that the active sites interact with H+ ions present in an electrolyte solution to

generate a surface potential which corresponds to the pH of the desired electrolyte.

Actually a Helmholtz layer is formed when the ZnO material is brought in contact

with an electrolyte solution. The interaction between electrolyte-nanotubes or

electrolyte-nanorods leads to the establishment of the Helmholtz layer. This inter-

action originates from the adsorption of electrolyte ions or dipoles on the metal

oxide surface. Moreover, ZnO is an amphoteric oxide due to which it shows both

acidic and basic properties and can interact with either of them. To create a pH

response, the Zn atoms in the amphoteric oxide must be electropositive to induce

enough negative charge on oxygen to strip H+ ions from H3O
+. However, when the
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amphoteric oxide comes in contact with hydroxyl ions (OH�) then metal atoms

must be sufficiently electronegative to accept an electron from OH� ions present in

solution, i.e.,

ZnO Sð Þ þ Hþ ! ZnOHþ

The ZnO nanotubes are more responsive as pH-sensitive materials in comparison to

ZnO nanorods. The enhanced sensitivity of nanotubes is explained by its higher

surface-to-volume ratio due to its hollow structure.36 Thus, in nanotubes a large

effective surface area is exposed to interactwith the ions of analyte solution. Figure 4.6

shows the responsive nature of both structures of ZnO while immersed in a CaCl2
electrolyte. This picture shows the charge distribution at ZnOnanotubes and nanorods.

4.5.7 CuO

CuO materials exhibit pH-sensitive sites which generate an electrochemical

response when exposed to the analyte solution. This metal oxide may be structured

as nano-flower shape which enhances its sensitivity and reproducibility, and

shortens the response time.37 The response mechanism of CuO can be described

by the following reaction:

CuOþ H2Oþ 2e� $ Cuþ 2OH�

The sensing mechanism of metal oxides is dependent on their surface chemistries.

These surface morphologies control the potential of the sensing electrode. The

active sites originate from the protonation-deprotonation of water molecules

attached to the metal (M) ions:

MOH2
þ $ MOHþ Hþ

Fig. 4.6 Comparison of the response mechanism of ZnO nanorods and nanotubes, adapted from

reference [34]
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The MOH species which is present on the surface of the metal oxide is amphoteric

in nature and has a tendency to attract both acidic and basic species. These active

groups interact with either OH� or H+ groups of the analyte solution. These surface

interactions lead to a protonation or deprotonation of the MOH groups and develop

a surface charge which is equal to the pH of the analyte solution. The ion-sensitive

CuO film thus contains surface sites which can specifically interact with H+ ions

(hydrogenate) after interaction with an electrolyte solution. The CuO surface

charge and surface potential depend on the protonation or deprotonation of these

sites which is equal to the pH of electrolyte solution.

Copper oxide (CuO) nanowires also form a pH-sensitivematerial.38 The sensitivity

of this metal oxide nanowires is ascribed to their enhanced surface-to-volume ratio.

4.5.8 Iridium Oxide

Iridium oxide thin films coated on the working electrode serve as pH-sensitive

material.39 Iridium is covered with adsorbed oxygen atoms. This oxide is prepared

by either anodic oxidation or heating the metal in an oxygen atmosphere. The

developed metal oxide exhibits improved redox properties involving hydrogen

ions. The pH response of the iridium oxide electrode is attributed to Ir(IV)/Ir(III)

redox transitions due to the release or uptake of protons. This metal oxide-coated

electrode in combination with a reference electrode will provide an electrochemical

signal which is related to the pH of the solution. The possible mechanisms by which

iridium oxide generates an electric potential when it comes in contact with a

solution of definite pH are expressed by the following equations:

Ir2O3 þ 6Hþ þ 6e� $ 2Irþ 3H2O

IrO2 þ 4Hþ þ 4e� $ Irþ 2H2O

2IrO2 þ 2Hþ þ 2e� $ Ir2O3 þ H2O

These redox reactions exhibit the two oxidation states of iridium oxide by which it

is able to create an electrochemical potential as a pH sensor being similar to

the conventional glass electrode. If there is any variation in the stoichiometry of

the metal oxide then its pH response behavior will also be changed. If the metal

oxide contains hydroxyl (OH�) groups at its surface the pH response will also be

generated due to ion exchange:

Ir2O OHð Þ3O3
3� þ 3Hþ þ 2e� $ 2Ir OHð Þ2O� þ H2O

Iridium oxide films (IROF) were also fabricated on silicon-based thin-film platinum

microelectrodes. These electrodes can also measure the pH of the test solution with

high sensitivity by intercalating the protons into their structure.40
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4.6 Nano-Structured Material-Based pH Sensors

4.6.1 Silicon Nanowires

Silicon nanowires (SiNW) are also promising candidates in order to fabricate a pH

sensor with good stability, and sensitivity. The device was developed on the

principle of a field effect transistor (FET).41 Si is doped with boron to make it a

p-type material. The SiNW were further covered with a silicon nitride passivation

layer to insulate the nanowires. This insulating layer also behaves as ion blocker.

The detection principle is sketched in Fig. 4.7. The charge carriers in the SiNW are

holes, and a sufficient number of holes is present if the pH of the solution is neutral.

If the SiNW is exposed to acidic solutions the Fermi level difference between the

holes or mobile carriers and outer charges induces a downward bending of the

flatband energy.42 Thus, depletion of mobile carriers is produced near the surface.

This happens due to the protonation of the outer surface of SiNW because the

concentration of H+ ions is very high at lower pH, whereas a higher pH causes the

deprotonation of the SiNW surface which provokes the accumulation of mobile

charge carriers due to the upward bending of energy bands.

In the pH-sensitive device, the introduction of a SiN insulating layer on the

nanowires decreases the diffusion of H+ ions from the fluid to the sensitive wires.

The insulation of the sensitive surface is carried out to increase the stability and

repeatability of the pH sensor. The passivation layer not only separates the surface

charge from mobile charge carriers of the p-type SiNW but also is responsive to the

solution pH to induce a depletion or accumulation of mobile charge carriers.

4.6.2 Silica Nanoparticles

Silica nanoparticles enhance the electrochemical sensitivity as well as linearize the

pH behavior of semiconducting nanomaterial thin-film devices.43 These devices

may be either a resistor or ion-sensitive field-effect transistor (ISFET).

Fig. 4.7 Principle of pH detection with SiNW, adapted from reference [41]
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Silica nanoparticles contain surface hydroxyl groups which can be protonated

or deprotonated corresponding to the pH of the solution. Thus, silica nanoparticles

act as a charge collector as shown in Fig. 4.8. At low pH the charge will shift

towards positive due to protonation and vice versa at high pH. In acidic medium, the

OH or O� species are protonated whereas a basic environment causes the

deprotonation of OH2
+ or OH groups. Thus, the protonation of OH or O� species

induces a positive shift in the pH gating voltage which leads to a decrease

in conductance of the underlying semiconductor material (SWCNTs). However,

deprotonation causes a negative shift and thereby increases the conductance. At low

pH, the doping of holes in the semiconductor material results in an increase of the

conductance but the conductance decreases due to positive biasing induced by the

silica nanoparticles. In this way, the surface layer of silica nanoparticles on top of

functional nanomaterials linearizes the signal output as well as modulates the

sensitivity which increases at low pH. In SWCNT resistors, the surface-coated

silica nanoparticles increase the resistance by adsorption and thus linearize the pH

sensitivity due to a positive shift in the gating voltage of the p-type semiconductor.

4.6.3 SnO2 Nanorods

SnO2 is also utilized as a sensitive surface to fabricate a pH sensor device by using

extended-gate field-effect transistors (EGFET).44 SnO2 is employed in the form of

nanorods which show better sensitivity attributed to a high surface-to-volume ratio.

These nanorods have a high effective sensing area meaning a high number of

interaction sites for the ions present in solution.

4.6.4 Carbon Nanotubes as Sensitive Coatings

Carbon nanotubes (CNTs) are very sensitive to different analytes which makes

them a very promising candidate in fabricating a pH-sensitive device. The electrical

Fig. 4.8 Scheme of

pH-responsive surface

functional groups in SiO2

NPs, adopted from

reference [43]
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properties of CNTs attached to sensitive electrodes depend on the pH of the analyte

solution.45 When the OH groups come in contact with CNTs the energy gap is

greatly reduced which in turn enhances the conductivity of CNTs. The concentra-

tion of OH groups can be calculated from the pH value of the solution. Thus, an

increase or decrease in conductivity of CNTs is dependent on the OH concentration

and in this way the pH value of a solution can be determined.

The sensitivity of carbon nanotubes (CNTs) was further enhanced by irradiating

them with a laser.46 The laser energy improves the electrical and sensing properties

of carbon tubes by modifying their walls into a number of graphite layers.

The irradiation of MWCNT with laser results in expanding the CNT layer as

well as broadening the conducting pathways as shown in Fig. 4.9. Thus, the overall

electrical behavior and the surface area of CNTs are greatly enhanced. The energy

of laser irradiation would convert the CNT network into a number of graphite layers

and dangling bonds at the edges of these graphite layers are converted to carbonyl

functional groups and C–H bonds. These are the sensing sites by which the

modified CNTs interact with hydronium or hydroxyl ions in solution. The C–O

bond will adsorb H+ ions (acidic solution) whereas, in an alkaline environment, C–

H bonds will interact with OH� groups and will change the sensing surface

potential. Thus, the laser-irradiated CNTs show profound sensing properties

which are attributed to increases in conductance as well as uniform interaction

sites for ion bonding.

4.7 Polymer-Based pH Sensors

Some polymer materials which exhibit reversible redox activities respond to the pH

of the test solution. Bisphenol-A polymer containing benzoquinonyl and

hydroquinonyl groups not only shows electrochemical activities but also demon-

strates a change in its conductance when changing the pH of the surrounding media.

The conductance of polybisphenol-A (PBPA) is attributed to both ionic and

Fig. 4.9 CNT network

sensing mechanism:

non-irradiated CNT

network (below) and laser-

irradiated CNT network

(above), adapted from

reference [46]
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electronic behavior of the polymer.47 When comparing a commercial glass elec-

trode with a PBPA electrode, both show a wide response range but the PBPA-based

electrodes are very easy to produce, cheaper, and much more stable and selective.

The mechanism of the redox reaction of PBPA films is explained by the following

equation. The redox reaction reveals the involvement of H+ ions in order to produce

an output signal which corresponds to the pH of the solution.48

HO OH

HO OHn

HO O

O OHn

- 4ne-, - 4nH+

+ 4ne-, + 4nH+

The PBPA electrodes possess an H+ ion-sensitive surface, and the conductivity

of the film depends on the degree of protonation or deprotonation as a function of

pH.49 This electrochemical mechanism of PBPA films when interacting with pro-

tons of the solution is analogous to the quinone/hydroquinone redox system.50

The pH-dependent redox potential of surface-bound nitrosophenyl groups was

exploited to construct a pH electrode. A screen-printed electrode was modified with

nitrosophenyl groupswhich lead to a highly sensitive pH sensor for awide range of pH

values. The mechanism of nitrosophenyl reduction can be explained by the following

reaction, which is responsible for the sensitivity to the pH of the test solution51:

The surface-bound nitrosophenyl group is reversibly reduced to the hydroxyla-

minephenyl group involving two electrons and two protons. A redox system of

nitrosophenyl/hydroxylaminephenyl couples will be established which is very

sensitive to pH.

Polyaniline (PANI) was also utilized to develop a conductometric pH sensor.52

The response mechanism of the polymer film originates from the deprotonation of

the polymer backbone nitrogen atoms when exposed to aqueous environments. In

acidic solution, emeraldine polyaniline exists in the form of a salt (ES), and in

alkaline solution it is converted to the base form (EB). The function of the sensor

depends on the change in different forms of polyaniline which arises due to the

deprotonation of nitrogen atoms.53 Thus, the conductivity of the sensitive layer is

changed when PANI interacts with the hydronium or hydroxyl ions present in the

solution. PANI is an amorphous film, and the electrolyte penetrates into the film and

interacts with individual particles of the polymer. The charge carriers can pass
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easily through the salt form of PANI because particles are in close contact with each

other. In alkaline solution, the base form of PANI becomes insulating which

reduces the conduction path. Thus, the sensitivity of the polyaniline polymer is

greatly reduced when it changes its form from salt to base.54

Polyaniline is also employed to develop an electrochemical measuring system to

analyze the pH of a solution amperometrically. The measurement principle of the

sensor is again dependent on the transition of PANI from ES-EB as explained by the

following equation and corresponding potential variations are recorded.

N
H

N
H

* N
H

N
H

*n
N *NN

H
* N

H n

-2H+, -2A-

+2H+, +2A-

+ +
A-

A-

Emeraldine salt (ES) Emeraldine base (EB)

Poly(propylene imine) dendrimer (PPID) multilayered with nickel

tetrasulfonated phthalocyanine (NiTsPc) was also employed as sensitive mem-

branes in extended-gate field-effect transistor pH sensors.55 These porous mem-

branes were fabricated on different substrates such as quartz, glass, indium tin oxide

(ITO), or gold-covered glass. The nanostructured membranes on ITO showed better

sensitivity in comparison to other substrates.

4.8 Graphene-Based pH Sensor

The unique quantum properties of graphene56 and the two-dimensional character of

the carbon-based platform make it a valuable candidate to design ultrafast elec-

tronics.57 Moreover, simple fabrication of graphene as well as its miniaturized size

lead to design sensor devices for micro/nano applications. Graphene shows

ambipolar characteristics and is very sensitive to both hydroxyl (OH�) and hydro-

nium ions (H3O
+).58 These properties of graphene make it possible to modulate the

channel conductance of a field-effect transistor (FET) by doping “holes” or “elec-

trons” when in contact with acidic or basic solutions. When graphene is exposed to

an electrolyte solution then an electrochemical double layer is established at the

graphene/electrolyte interface as shown in Fig. 4.10. The electrochemical double

layer is formed at the graphene/solution interface which is attributed to its

ambipolar character by which graphene attracts charged species, e.g., hydronium

or hydroxyl ions. The formation of the Helmholtz layer involves capacitive charg-

ing of the sensitive surface when in contact with H3O
+ or OH� because graphene is

ambipolar and contains both “holes” and “electrons.” When the graphene layer is

exposed to an acid, the adsorbed ions are primarily hydronium ions (H3O
+) whereas

in alkaline medium, hydroxyl ions (OH�) are adsorbed on the graphene surface.

The adsorption of ions is purely capacitive which means that the positive or

negative charges do not permeate across the graphene/electrolyte interface. An

electrochemical double layer is formed at the graphene/solution interface because

the graphene film behaves as n-doped material when in contact with hydronium

ions and as p-doped while exposed to hydroxyl ions.59
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4.9 Miniaturized pH Sensors

4.9.1 Antimony Nanowires for pH Sensors

The precise and accurate pH value detection is of great interest in a large number

of fields such as biological research, clinical diagnostics, electrochemistry, and

industry. To measure the pH, a number of devices or methods are available which

are bulky in nature like glass bulb electrodes or field-effect transistors. The large

size of these pH-measuring devices makes them unsuitable in invasive diagnostics

and intervention in medicine, e.g., analyzing the pH of blood, wound, and gastric

Fig. 4.10 (a) H3O
+ from an acidic electrolyte attached to the inner Helmholtz plane, which

attracts graphene “electrons”; (b) OH� from an alkaline electrolyte attached to the inner Helm-

holtz plane, which attracts graphene “holes” as countercharges, adapted from reference [59]
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fluids. Thus miniaturized pH sensors are the only devices which are appropriate

for these kinds of tasks.

One approach that was used to miniaturize pH devices was focused on metallic

pH-sensitive electrodes. Antimony was considered as an electrode material for pH

measurement because of its high sensitivity, robustness, and, most importantly, its

biocompatibility.60,61 In some respect, the use of Sb as electrode material is of great

advantage in comparison to glass under certain circumstances, such as measuring

the proton concentration of HF-containing solutions. A Sb metallic electrode can

withstand an HF environment where the glass electrode cannot be employed. Sb

was used in the form of nanostructures in order to increase its sensitive nature

towards proton determination. Antimony was shaped in the form of nanowires

(NW) to form a microscale pH electrode.

Sb can be shaped into NW by a number of approaches, e.g., pulsed electrode-

position,62 patterning of nanoparticles,63 microwave-induced formation,64 and by

using focused ion beams (FIB).65 For developing nanowires of Sb for pH measure-

ments, the FIB technology was used. The material was exposed to a Ga+ ion beam

under high vacuum at room temperature. This procedure led to the formation of

tangled Sb rods which formed a porous network of NW.

For the construction of the miniaturized pH device, the complementary metal

oxide semiconductor (CMOS) approach was utilized. The Si substrate (p-doped)

with a CMOS material was covered with a Sb film.66 This layer was converted to

NW by exposing it to the ion beam. An Ag pad atop of the oxide was also deposited

which was afterwards converted to a Ag/AgCl reference electrode by applying

a ferric chloride solution. Thus, the final microscale pH sensor contained Sb-NWs

as the working electrode and Ag/AgCl as the reference electrode. These electrodes

were separated by a SiO2 insulation layer and could measure the electromotive

force developed between these two electrodes while exposing them to an analyte

solution.

4.9.2 Carbon Fiber Microelectrode

Another miniaturized pH-measuring device was manufactured by modifying a

carbon-fiber electrode to develop a reagentless sensor system to measure in vivo

pH values. Carbon-based electrodes are ideal candidates to fabricate such devices

due to their biocompatibility. In addition, carbon-fiber electrodes are conductive

and their surface can easily be modified as desired, in this case by ion-selective

materials. A number of methods are available for tethering the ion-selective

molecules such as acidic oxidation in combination with plasma treatment,67 phys-

ical adsorption,68 and covalent bonding of amines via oxidation69 or bonding of

diazonium groups via reduction.70

A microelectrode was designed to measure the real-time pH changes in

physiological environments, even small pH changes in the central nervous system

(CNS) of a micro-analytical model organism, Drosophila melanogaster.71
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The miniaturized pH-sensing device was manufactured by modification of the

carbon microfiber surface with a diazonium salt of Fast Blue RR (FBRR) via

electrochemical cycling. The mechanism by which the diazonium salt was attached

to the carbon surface is given by following scheme. Radicals of the diazonium salt

are formed electrochemically by reduction and afterwards, they are covalently

attached to the carbon-fiber electrode by evolution of nitrogen.

O
CH3

O CH3

N
H

O

N
+

N
O

CH3

O CH3

N
H

O

Electrode + N2 (g)

Catecholamines and indolamines are present in the central nervous system and

different physiological and behavioral functions of the brain are based on these

chemical messengers. These species are actively involved in the neurotransmission

processes of the CNS. Neurosecretion is associated with the metabolic activities

which occur in the brain. These metabolic processes stimulate pH fluctuations in the

CNS. Thus, secretion of neurotransmitters is accompanied with endogenous species

such as protons or ascorbate ions which alter the behavior of redox-active chemical

messengers, e.g., catecholamines and indolamines.72

The recognition sites of the modified carbon microelectrode were used to detect

these electrochemically active compounds which are associated with pH fluctua-

tions. Fast Blue RR (FBRR) contains a hydroquinoid structure. The fabricated

probe was able to measure the redox activity of p-quinone to detect the real-time

pH values in biological microenvironments associated with the physiological

changes.73 A number of other quinone-based compounds are available which can

respond to pH fluctuations but all these compounds are not biocompatible and

efficient to detect pH changes in biological environments.

O
CH3
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H

O CH3

O O

N
H

O
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N
H
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O

Electrode
-2e-

Electrode
2e-, 2H+

Electrode

Thus, the diazonium salt of FBRR is an attractive quinone-based material which

possesses all the characteristics which make it fit for the design of a miniaturized pH

device for the detection of small pH changes that occur in a fly brain. The proposed

mechanism of quinone-based pH-sensitive compounds is given in the scheme

above. This process exhibits that this compound is oxidized to a p-quinone ana-

logue from the p-methoxy compound which involves two electrons. This quinone

then converts to the hydroxy derivative of the molecule by chemical reduction

involving a two-electron/two-proton system. This scheme indicates the involve-

ment of outer-sphere electron transfer of FBRR by which in vivo dynamic pH
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fluctuations of nerve tissue can be monitored. The real-time measurements were

conducted by inserting the carbon-fiber-modified microelectrode into the brain of

an adult fly by microsurgery. The flies are sensitive to blue light which stimulates

the dopamine neurosecretion accompanied with pH fluctuations in the CNS due to

the release of neurotransmitters. The modified carbon surface with FBRR material

yielded a very efficient measuring device for the real-time detection of pH fluctu-

ations in a physiological environment.

4.10 Tattoo-Based Ion-Selective Electrode

An innovation in miniaturized pH-measuring systems is the fabrication of

ion-selective electrodes on tattoo paper.74 A tattoo paper can easily be applied on

the skin to direct epidermal pH monitoring and the textile geometry of the designed

sensor makes it capable to withstand against repeated mechanical stress. The sensor

should bear this stress and produce good results according to the wearer’s routine.

Carbon fibers were embedded in the tattoo structure to achieve robustness of the

tattoo-based sensor by which it could withstand against mechanical stress while

working as a potentiometric sensor. These fibers induced the elasticity in the

structure as well as increased the tensile strength. The tattoo-based potentiometric

pH sensor was developed by combining a polymer-based ion-selective electrode

with commercially available tattoo paper.75 The tattoo was shaped in the form of

“smiley face” consisting of one eye as pH-sensitive polyaniline electrode whereas

the second eye served as reference electrode. Polyaniline (PANi) was used as a

pH-sensitive polymer based on its emeraldine salt (ES)/emeraldine base

(EB) electrochemical active system.76 The redox system switches between these

forms while being exposed to acidic or basic environments. Apart from its pH

sensitivity, PANi was selected on the basis of its other characteristics such as its

biocompatibility, minimal cytotoxicity, and easily synthesizable thin films. These

characteristics were key features in developing a pH-sensitive device for measuring

epidermal pH. Moreover, the insertion of carbon fibers made this device to perform

efficiently under practical scenarios. The pH values of human perspiration alter

under different respiration conditions. Thus, ion-selective polyaniline-based elec-

trodes which were combined with tattoo paper were capable to detect the pH

fluctuations in human perspiration during complex body motions such as fitness

and athletic routines.

4.11 Textile-Based pH Sensor

The recovery process of a wound is an important issue in point-of-care treatment.

The proper healing of wounds depends on its assessment. The pH of a wound is one

of the various physiological parameters to assess the healing process of wounds.77
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An inflammation can alter wound exudate properties and also change the pH along

with other physiological parameters. There is a direct relationship between wound

pH and its healing process. If the wound is not properly treated then complications

may arise such as infections of the wound which can cause the pathogens to

penetrate into the body and even into the bloodstream. In order to avoid these

complications, a miniaturized sensor device is needed to monitor the healing

process continuously. Along with other properties the miniaturized pH sensor

should be biocompatible. Thus, a textile-based pH-measuring device was fabricated

which showed high integration, flexibility, and stability, and had a simple readout

system.78 These features were embedded in the device by shaping the electrodes in

the form of a thread. The electrodes were adjusted in such a way that lateral

movement was ceased which made it a highly stable sensor setup. This device

was used to measure the impedance between the electrodes. The electrodes were

insulated by a hydrogel which also acted as a pH-sensitive layer. The hydrogel was

synthesized by poly(vinyl alcohol)/poly(acrylic acid) (PVA/PAA) which exhibited

very sensitive pH-dependent swelling behavior.

The pH of the wound was determined by measuring the impedance of the sensor.

This impedance was directly related to the distance between electrodes which

depended on the swelling behavior of the hydrogel. The latter was directly related

to the pH of the test solution which in turn changed the impedance of the sensor.

The biggest advantage of this pH-sensitive fiber was its integratability into wound

dressings by applying a simple textile procedure.79 These features make this sensor

a perfect candidate which meets all the requirements for monitoring wound pH in

real time.
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Chapter 5

Metals

Ivan Švancara and Zuzana Navrátilová

5.1 Frequently Determined Heavy Metals and Metalloids

When reviewing the literature on electrochemical environmental analysis of inor-

ganic ionic species, six of most common heavy metals, namely zinc, cadmium,

lead, copper, mercury and thallium, have attracted the greatest attention, together

with another two metalloids, i.e. arsenic and selenium (see, e.g., references (1–3)).

The environmental importance and toxicological profile of all these species are, in

fact, very similar in character, when considering their ultimate impact on the living

organisms4,5 with severe or even fatal consequences. Perhaps, except zinc and

copper whose harmfulness is somewhat lower, all the above-listed elements are

highly toxic at trace concentration level, most of them being able of effective

bioaccumulation6–10 in plant and animal tissues. Moreover, the corresponding

ionic and complex species are involved in the environmental, geochemical, and

biochemical cycles, “ensuring” their transport and distribution in the lithosphere

and hydrosphere with an intensity that reflects the extent of pollution of a region or

a locality.
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5.1.1 Choice of the Individual Methods and Procedures

In Table 5.1 a representative collection of electroanalytical methods for the deter-

mination of metals is given, gathering typical classical approaches, as well as some

other highly effective or otherwise interesting procedures. The individual entries

are characterised by means of basic facts and experimental data from the respective

original literature—see references (11–32).

5.1.2 Basic Principles and Mechanisms

Concerning heavy metal ions, Table 5.1 intentionally surveys several types and

variants of methods that can be classified as typical and, in most cases, thoroughly

proven in electroanalytical practice (see, e.g., references (30–35) and references

therein). Moreover, the principles of many methods are often very similar, allowing

one to sketch general schemes like those given below.

1. Electrolytical Deposition with Subsequent Electrochemical Detection

The principal basis is a two-step faradic (redox) transformation at the electrode

surface by means of potentiostatic electrolysis (Eq. 5.1a) with reduction of metal

ion to the elemental state and its subsequent re-oxidation (Eq. 5.1b),

Menþ þ ne� ! Me0 ð5:1aÞ
Me0 ! Menþ þ ne� ð5:1bÞ

while the electrochemical detection can be accomplished either by voltammetric

scanning (preferably with the DPV and SWV ramp within an anodic stripping

protocol33,36) or in the form of dt/dE-vs.-E curves recorded in the stripping

(chrono)potentiometric mode after chemical oxidation with a suitable reagent

(in PSA37) or by imposing a positive constant current (in constant current stripping

analysis, CCSA38); the individual alternatives having their pros and cons.

The effectiveness of electrolytic accumulation depends substantially upon the

choice of the working electrode. Normally, the surface of bare solid electrodes is

not optimal due to a poorer adherence of most of the heavy metal deposits.

Of course, exceptions can be found represented by some materials with

particular surface conditions, which is the case of boron-doped diamond (see,

e.g., references (14, 39))

In electroanalysis, electrolytic deposition/accumulation has been predomi-

nantly performed at mercury-based electrodes—here, of course, as reduction

only—i.e. with the dropping mercury electrode (DME40,41), the hanging mer-

cury drop electrode (HMDE41,42), mercury film (plated) electrodes (MFEs43,44)

and eventually chemically modified electrodes (CMEs) containing a HgII com-

pound immobilised on the electrode surface45 or dispersed as a solid in the

electrode bulk.46
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All these types of mercury electrodes enable a particularly effective

pre-concentration, when the driving force is further enhanced by amalgam-

ation—dissolution of the reduced metal in liquid mercury (Eq. 5.2a) and its

anodic reoxidation (Eq. 5.2b):

Menþ þ xHgþ ne� ! Me Hgð Þx ð5:2aÞ
Me Hgð Þx ! Menþ þ xHgþ ne� ð5:2bÞ

The amalgam-forming processes may substantially enhance the sensitivity

and selectivity of an ASV or a PSA measurement because there is quite different

willingness of metallic elements to form an alloy with mercury.47 Heavy metals,

in general, belong to those whose affinity towards liquid mercury is quite high44;

nevertheless, there are also some nuances. For instance, the mutual affinity of Hg

to Zn, Cd or Tl is well developed, but much less pronounced than that between

Hg and Pb. As a consequence, extraordinarily efficient pre-concentration of Pb2+

ions at mercury electrodes in combination with the proper electrochemical

detection results in achieving extremely low concentrations (down to the pM

range), positioning the corresponding methods to the front of the most sensitive

measurements ever proposed and employed in instrumental analysis of water

samples for the determination of lead.48

Recently, a similar mechanism was utilised in electroanalysis with bismuth-

based electrodes (BiEs49,50) that have already become successful competitors, as

well as real alternatives, of electrodes from liquid mercury (HMDE and DME) or

from highly toxic Hg(II) precursors needed to prepare MFEs. (By the way,

thanks to the environmentally friendlier character of bismuth, bismuth film

electrodes, BiFEs, and related configurations are now aspiring after the role of

the first true “green electrodes”.51)

The proper mechanism of comparably effective pre-concentration onto Bi(F)

Es is based on spontaneous formation of (low melting) bismuth alloys52

(Eq. (5.3a)), their deposition as specific crystalline layers,53 followed by disin-

tegration during the re-oxidation step (Eq. 5.3b):

aMenþ þ bBiþ ne� ! MeaBib ð5:3aÞ
MeaBib ! aMenþ þ bBiþ ne� ð5:3bÞ

2. Non-electrolytic Pre-concentrations54–64

In principle, such accumulations are not necessarily associated with electron

transfer and current flow and can, therefore, be performed under open-circuit

conditions, with the working electrode optionally disconnected from the cell and

electric circuit.55

Concerning the particular mechanisms in the individual procedures of elec-

trochemical stripping analysis (ESA), one can utilise the following processes:

adsorption,54 extraction,55,56 ion-pairing or ion-exchange55,57–60 and

bioaccumulation.61,62 To complete the list of applicable physicochemical
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phenomena, the electrocatalysis-assisted detection63,64 can also be quoted,

although it normally accompanies the stripping step regardless of which type

of pre-concentration is used.

In the case of heavy metals, non-electrolytic accumulation is not widely used.

Perhaps, adsorptive pre-concentration is more frequent for the determination of

copper (see references (55, 57–60) plus references therein), whereas the other

heavy metals and both metalloids are preferably determined by ESA with

electrolytic deposition (see Table 5.1) and the choice of other methodologies

is rather a research topic than practical routine.

Except the bioaccumulation of heavy metals that is quite efficient for these

toxic elements, further discussion on non-electrolytic pre-concentrations is

given below in association with other metals, for which such principles are

typical in methods employed in practical analyses.

Bioaccumulative behaviour of most of the heavy metal is mainly important

from a toxicological point of view4–10; nevertheless, it has been the subject of

interest in some special studies with invertebrate and plant tissues, dried and

grinded to a fine mass and applied as a bulk modifier. This was the case of

various algae (see reference (61) and references therein) or mosses and lichens.62

In a scheme, the process of bioaccumulation onto a bio-substrate, “SBIO”, can be

sketched as follows (Eq. 5.4a):

Me2þ þ SBIO ! MeII � S
� �

BIO
ð5:4aÞ

MeII � S
� �

BIO
þ 2e� ! Me0 þ SBIO ð5:4bÞ

MeII � S
� �

BIO
þ 2e� ! Me0 � S

� �
BIO

h i

int
! Me2þ þ SBIO þ 2e� ð5:4cÞ

where the reduction either is the measurement reaction (Eq. 5.4b) or provides an

intermediate INT during the accumulation which is oxidized during the

voltammetric scan (Eq. 5.4c). With regard to the electroanalytical characterisa-

tion, bioaccumulation of heavy metals can be rather selective, but not very

sensitive to be applicable to environmental samples in a wider extent.

The use of bio-organic material for accumulation is rather rare, whereas

various tissues of mushrooms, fruits or vegetables are frequently employed as

natural sources of enzymes in the configurations of biosensors.55

3. Zero-Current Measurements for the Determination of Heavy Metals

In this category, direct potentiometry with ion-selective electrodes (ISEs) has to

be mentioned. Unfortunately, traditional ISEs can be operated at the trace

concentration level only scarcely65 and, therefore, their employment for real

samples containing heavy metals is limited.

Outside the commercial market for ISEs, some research activities have shown

that equilibrium potentiometry can be employed also in environmental monitor-

ing of heavy metals. More specifically, there are the so-called non-Nernstian

ISEs66 which, reportedly, may offer outstanding analytical performance being
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able to indicate equilibrium potential changes for concentrations at trace or even

ultratrace level (e.g., down to 1� 10�12 M for Pb2+; reference (67)).

4. Other Possibilities

Finally, among occasionally chosen approaches in analysis of samples

with heavy metal ions, one can quote, for example, simultaneous determination

with metalloid(s),68 detection in flowing streams (FIA and HPLC; see references

(69–71) and references therein), use of hydrodynamic mode with rotated disc

electrodes (RDEs) for improvement of accumulation (see references (11, 22, 23)

in Table 5.1), array of microelectrodes15 and some indirect methods like an

orientation assay for natural waters heavily polluted with mercury, when the

measurement relies upon the decrease of the signal of a special marker—here,

the [B(C5H6)4]
� anion—whose quite sensitive oxidation is suppressed by con-

current reaction with HgII.72

Concerning the principles of the determination of the two metalloids, arsenic

and selenium, a concise summarisation of the individual methods is rather

difficult; nevertheless, some principal aspects and associations can be outlined,

whereas the corresponding mechanisms, method sequences and schemes are

given in Table 5.1.

Both As and Se as elements show practically no affinity to mercury and, also,

their deposition onto solid compact surfaces is problematic and usually poorly

reproducible. An exception is gold and hence, gold-based electrode configura-

tions are the primary choice for the proper determination of both

semimetals.26–29,68 In these cases, the deposition of both (Eqs. 5.5a and 5.5b)

requires the particular valence of the corresponding species:

AsIII
� �

SOL
þ 3e� ! As0

� �
EL

ð5:5aÞ
SeIV
� �

SOL
þ 4e� ! Se0

� �
EL

ð5:5bÞ

where the subscripts “SOL” and “EL” mean “solution” and “electrode”,

respectively.

This has to be considered in the case of samples containing these two

metalloids in species with maximal valence, i.e. as arsenate, HAsVO4
2�, and

selenate, SeO4
2�. Both anions are extraordinarily stable and, normally, cannot

be reduced at the electrode,27 requiring chemical reduction by SO2 (g) or

cysteine for AsV!AsIII (see also Table 5.1) and Na2S2O4 or Na2H2PO2 for

SeVI! SeIV to obtain electrochemically active species prior to electroanalytical

measurements.28,29 It is advisable to stabilise such chemically pre-reduced

arsenic by adding a mild reductant (e.g. N2H5
+ or NH3OH

+) to the sample as

also mentioned in the table.

Finally, some methods are also based on the selective formation of binary

adducts, MtAMeB (where “Mt” means metalloid and “Me” metal, usually,

copper), whose electrode transformations are correlated with the quantity of

the respective metalloid.29
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5.1.3 Electroanalysis of Heavy Metals
and Environmental Samples

Zinc, cadmium and lead can be determined simultaneously as shown in many

methods of ESA (see, e.g., Table 5.1,11–13,19). This is possible due to their close

physicochemical properties and, of course, satisfactorily resolved peak potentials,

EP. Certain problems can be encountered when differentiating between Cd and Pb,

whose EP values at some electrodes may be very similar, whereas that for zinc is

almost always separated due to the more negative re-oxidation of Zn compared to

both Cd and Pb. If such difficulties occur, there are several possible ways of how to

influence the actual resolution of Cd and Pb peaks. Probably the most frequent is the

choice of the supporting electrolyte and the selection of a slightly different accu-

mulation potential for each element. A potentially viable route is also masking of

one of the two ions prior to deposition, but this is not very common due to the quite

limited number of reagents whose CdII and PbII complexes would have sufficiently

different stability.73 There are also some procedures capable of separating the Cd

and Pb peaks via post-experimental treatment of stripping curves by mathematical

processing of the overlapped signals.74,75 Finally, there is also the option to

exchange the supporting electrolyte, to change the working electrode or to signif-

icantly alter its deposition/stripping performance, e.g. by rearranging the plating

regime for ex situ-generated metallic films.53

Regarding the sensitivity of commonly used electrodes and sensors towards the

individual metals, it depends, of course, upon the electrode used. Nonetheless, a

majority of them respond in the order “Pb!Cd!Zn”, when the difference

between the first and last one can be substantial with respect to their determination

in trace analysis. These three metals can be also simultaneously determined

together with copper, where care has to be taken not to have too high concentration

of zinc and copper because of formation of their intermetallics (see below).

The electrochemistry of thallium is rather specific given by the fact that this

element exists in two forms, the monovalent Tl+ ion20 and as trivalent thallate.21

A well-known tendency of Tl+ not to form complexes73 is exploited for a selective

determination of this highly toxic element, when the metal ions with similar

stripping characteristics (Cd2+, Pb2+ and In3+) can be effectively masked by

EDTA in an acetate buffer at pH ~ 4.35 (Less well known is a finding that such a

masking can be performed also in acidic solutions of the wet-digested samples,

containing ca. 0.05 M HNO3 as the residual concentration after mineralisation and

diluting, but still enabling to form CdII and PbII chelates with EDTA despite already

weakened complexing properties of its protonated molecules.20) Furthermore,

worth of mentioning is the behaviour of TlI at some metallic film electrodes in

basic media of ammonia buffer,76 giving rise to a pair of stripping peaks, each of

them being proportional to concentration and, in certain extent, available for

calibration. When thallium in the sample is converted into its trivalent form and a

suitable anion of the [TlIIIX4]
� type, the pre-concentration at the electrode takes

place via ion pairing, followed by immediate reduction to Tl0 and subsequent

anodic stripping (see Table 5.1 and reference (21)).
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Within common heavy metals, certain specificity can be attributed to copper and

mercury, due to their nobler character and somewhat different behaviour compared to

the previous metals. Namely, Cu2+ ions (or CuII species, respectively) can be reduced

to themetal in one-electron steps in alkalinemedia, Cu2+ + e�!Cu++ e�!Cu0,30,31

and, in the same way, re-oxidised. Some of the metals may form intermetallic adducts

that may seriously interfere inmany determinations using ESA, especially, at metallic

film electrodes.44,52

With regard to mercury, one should not forget about the instability of very

diluted solutions, in which originally present Hg2+ can be reduced by impurities

to Hg2
2+ dismutating to Hg2+ +Hg0, thus allowing the elemental form to evaporate

away. This loss must be prevented by stabilisation with MnO4
� or Cr2O7

2�,
whenever the sample for trace analysis is to be stored for longer time.22 Yet another

peculiarity is that Hg2+ ions are hard to release from naturally occurring complexes,

requiring a very thorough decomposition of the samples,77 in some cases rather

with high-pressure ashing (HPA) than by using common and often routinely applied

microwave-assisted (wet) digestion.

HMDE vs. MFE
For long time, the hanging mercury drop and the mercury film electrode, HMDE

and MFE, respectively, have represented by far the most frequent electrodes in

environmental analysis of heavy metals.34,35 Although both configurations are from

the same electrode material, they may differ considerably in the overall perfor-

mance. Firstly, there is a completely different size of Hg droplets. MFEs, and

especially those operated in situ,43 are functioning via a very thin film of Hg

droplets (with diameter of 10–100 nm53,78) which is readily saturated with inter-

metallic adducts, interfering during experiments. Compared to this, the HMDE is

less vulnerable and usually does not need special treatments like a MFE,44 when

determinations of Zn, Cd and Pb in the presence of higher contents of CuII require

addition of GaIII (see Fig. 5.1 and reference (79)) or masking of Cu2+ in a specific

complex or a precipitate (e.g. with SCN� 73).

Then, there are notable differences in the reproducibility of measurements. At

the HMDE, this parameter commonly is below 1 % rel., whereas similar experi-

ments with a MFE vary in an interval of 3–5 % rel.44,80 Of course, in this case, such

values are still excellent if one considers typical levels of precision for measure-

ments in trace analysis (normally, with recovery rates within 90–110 % as stated in

numerous scientific papers).

A further issue is the mechanical stability of both HMDE and MFE, which is in

favour of the latter and, for instance, for hydrodynamic measurements with the

rotating disc electrode (RDE, see Table 5.1 and reference (11)) or that in impro-

vised shipboard laboratories,81 the reliable use of an HMDE with its dropping

mechanism is hardly imaginable, perhaps, except for some special and purposely

constructed automated analysers.82

Finally, the use of liquid mercury is contradictory to green analytical chemis-

try.51 If some predictions come true and this trend will pursue some administrative

acts of this sort, the only choice will be the MFE being prepared from mercury
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(II) salts that, in paradox, have not been included in the already existing

official bans.83

MFEs vs. Bi(F)Es
Similar to the previous paragraph, it is also possible to compare these two related

designs. Apart from the already emphasised ecological associations51,83 and some
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c

Fig. 5.1 Anodic stripping voltammetry of Zn2+ and Cu2+ (model mixture) at mercury film-plated

carbon paste electrode (MF-CPE) in the presence of Ga3+ ions. An initial study. Legend: (a) Zn

(II) [EP(Zn)¼�1.14 V, IP(Zn)¼ 5.7 μA]; (b) Zn(II) +Cu(II) [EP(Zn)¼�1.11 V, IP(Zn)¼ 1.3 μA;
EP(Cu)¼�0.06 V, IP(Cu)¼ 4.2 μA]; (c) Zn(II) +Cu(II) +Ga(III) [EP(Zn)¼�1.14 V, IP(Zn)¼
1.5 μA; EP(Ga-Cu)¼�0.91 V, IP(Ga-Cu)¼ 2.1 μA; EP(Cu)¼�0.03 V, IP(Cu)¼ 0.8 μA]. Experi-
mental conditions: differential pulse anodic stripping voltammetry (DPASV); supporting electrolyte,

acetate buffer (0.2 M CH3COOH+0.2 M CH3COONa, pH 4.2); c(Hg)¼ 5� 10�5 mol l�1, c(Zn,

Cu)¼ 1� 10�6 mol l�1; c(Ga)¼ 1� 10�5 mol l�1; accumulation time, tACC¼ 30 s; equilibration

time, tEQ¼ 10 s; initial potential, EINIT¼�1.5 V ve. ref.; final potential, EFIN¼+0.5 V; scan rate,

v¼ 20 mV s�1; pulse height, ΔE¼�50 mV (taken, adapted and rearranged from reference (79))

794 I. Švancara and Z. Navrátilová



obvious physicochemical characteristics, there are some notable nuances in the

electrochemical behaviour of both MFEs and BiFEs (see references (44, 50–52) and

references therein).

With respect to the determination of heavy metals, the use of a BiFE offers a

somewhat better resolution of the stripping peaks of Cd and Pb, together with

markedly higher sensitivity to cadmium. Both phenomena are explained by different

affinities of Cd and Pb to Bi in the corresponding alloy(s) compared to similar

interaction during amalgamation at the MFE. Further, in the square-wave

anodic stripping voltammetric (SWASV) mode, BiFEs can be operated in

non-deoxygenated solutions, which is another distinct advantage compared to mer-

cury analogues. Furthermore, BiFEs can be prepared in situ and operated in highly

alkaline media, where—in contrast to precipitation of HgO.xH2O hindering the

formation of a mercury film—the BiIII species are kept soluble as [Bi(OH)4]
�

complex that can be reduced during the deposition step and thus employed, for

example, for selective resolution of the Tl+ signal from the responses of Cd2+ + Pb2+.

Last but not least, it should also be mentioned that the fundamental configuration

of bismuth film electrodes, BiFEs, has a number of derived varieties and modifica-

tions (see references (50–52) and references therein), as well as some related

counterparts.84,85 Concerning the former, there are the bismuth bulk electrode

(BiBE), heterogeneous carbon-based electrodes modified with bismuth powder,

bismuth nanoparticles, bismuth alloys or various bismuth(III) compounds, such as

Bi2O3, BiOCl, (BiO)2CO3, specially encapsulated Bi(NO3)3, BiF3 and NH4BiF4.

The electrodes related to BiFEs or BiEs, respectively, are mainly lead film-

plated electrodes (PbFEs84) and antimony film electrodes (SbFEs85) plus their

possible variants. Especially the arrangement of SbFEs may offer surprisingly

good performance in the determination of Cd and Pb in water samples requiring

acidification to pH 2, which is not very suitable for BiFEs responding optimally in

acetate-buffered solutions.52

Nafion®-Coated MFEs and BiEEs
Generally higher vulnerability of both MFEs and BiFEs towards the interferences

from foreign species can be effectively suppressed by coating their surface with

Nafion®.86–88 This perfluorinated polymer (commonly supplied in alcoholic solu-

tions) is carefully applied onto the surface of the ex situ-plated film electrode yet

prior to measurement(s). The resultant protective layer or membrane has been

shown to be fairly effective against otherwise disastrous effects of industrial

surfactants and other macromolecular substances. Moreover, according to refer-

ence (88) the presence of Nafion may also enhance the resultant sensitivity of

BiFEs towards Zn, Cd and Pb, reflected in markedly improved signal-to-noise

characteristics.

Analysis of Environmental Samples
Due to the great diversity of environmental samples, the matrix, its actual compo-

sition and its effect upon the determination of heavy metals have to be considered

individually, from case to case.
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Natural sweet waters, as samples with apparently the simplest matrix, can be

analysed directly by stripping potentiometry, where solely appropriate buffering is

needed (see references (37, 38, 48) and references therein). Compared to this,

voltammetry usually requires mild digestion, such as UV irradiation28; however,

this operation is not even needed if highly selective pre-concentrations are available

(e.g. those utilising non-electrolytic principles, open circuit and/or medium

exchange; see Table 5.1 and reference (21)).

Sea and brackish waters, containing generally higher concentrations of salts

(about 3 % NaCl), may represent a challenge; nevertheless, thanks to the already

existing systematic investigations of some specialised teams,34,89,90 there is a vast

archive of practically proven procedures utilising the principles of electrochemical

stripping analysis and maintained for all the specificities of saline waters when

applicable to each heavy metal (Table 5.1), including their mutual combinations

and occurrence in various complex species.

Heavily polluted, industrial and waste waters usually undergo a thorough

decomposition by modern wet-digestion methods, UV irradiation in the presence

of oxidants or some special operations, such as extraction or column separation,

enabling to isolate either too resistant matrix constituent(s) or the analyte itself. In

electroanalytical determinations of heavy metals, all these approaches have already

been successfully applied (see, e.g., references (30–33) and (16, 25) in Table 5.1).

Soil (aqueous) extracts represent another group of potentially interesting sam-

ples, providing important information about the geochemical cycles of heavy

metals in the environment.1,6,7 The corresponding solutions contain higher concen-

trations of mineral acids (HNO3, HCl and occasionally also HF, H2SO4 and

H3PO4), which either have to be buffered or the target ions are isolated by

extraction. Of similar nature can also be air samples or the samples of gases as

such, obtained by using special sorption units and giving rise to sample solutions

where the gas of interest is entrapped via a suitable reagent or in a medium with

appropriately adjusted pH.

Solid specimens represented by a wide spectrum of materials, such as river/lake

sediments, sewage sludge, fly ashes or various biological tissues (dried or

pre-decomposed and stored in a fridge, freezer or liquid nitrogen20, 35), require

standard mineralisation by means of wet or dry digestion. For electroanalytical

determinations, the resultant digest solutions are treated in the same way like

aqueous samples.

5.2 Iron Metals and Metals from Group III–VII

of the Periodical System of the Elements

Another environmentally important group of elements includes the iron metals,

i.e. iron, cobalt and nickel, and some more commonly occurring metals from group

III to VII from the PSE (see, e.g., references (1–3)), namely manganese, chromium,
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molybdenum, vanadium, titanium and aluminum, as well as cerium and scandium

like the most abundant elements among rare earths.

A majority of metallic elements listed above belong to the so-called metals of

strategic importance and their impact on the environment and human health is of

continuing interest.4,5 Whereas, surface mining and industrial use of these metals

are widely known, there are also special occurrences, such as (iron-)manganese

nodules91,92 (see also Fig. 5.2, image “a”) —rock concretions on the sea bottom

being of volcanic origin and containing, besides the two main constituents, notably

high contents of Co, Ni and Cu. A potential exploitation of this raw material in

Fig. 5.2 Determination of Ni(II) and Co(II) in seawater under expeditional conditions. Legend:

(a) Real appearance of the iron-manganese nodules after being explored from sea bottom; (b) main

operational region of the expedition ship; (c) way of collecting samples using a series of

bathometers hung upon a steel line and positioned in the different sea horizons; (d) construction

of the bathometer (sampling vessel) with automated closing option, a sketch; (e) typical DPASV

curves for the determination of NiII + CoII at a mercury-film-plated carbon paste electrode

(MF-CPE), study on the peak resolution, (a) blank, (b) model sample of synthetic seawater

(buffered, containing addition of dimethylglyoxime, and spiked with NiII, (c) + (d ) two additions

of CoII standard (taken and rearranged from references (81, 91–93); photo “a” reproduced with

permission,91 images “b, d, e”,81 and scheme “c” from 93 or authors’ archives)
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some demarcated localities is a great challenge for lengthy decades, initiating also

some special expedition projects where environmental monitoring has played one

of the key roles.93

5.2.1 Choice of Methods and Their Basic Principles

In Table 5.2, a selected overview of typical electroanalytical methods for the

determination of the above-stated elements is given.94–110

1. Electrolytic Depositions

In contrast to heavy metals mentioned before, there is apparently no practically

applicable procedure that employed the accumulation of elemental Fe, Co, Ni,

Mn, Cr, etc. at mercury, gold, platinum or (bare) carbon-based electrodes. The

reason is poor or even impossible deposition of these metals at the electrode

in ASV or PSA (see, e.g., the discussion in reference (111)). Thus, successful

determination has to be accomplished via non-electrolytic accumulation with the

exception of manganese which can be accumulated fairly well as MnO2 at

positive potentials.

2. Non-electrolytic Pre-concentrations with Subsequent Reductive

or Oxidative Detection

Adsorptive Pre-concentration

A model procedure involving adsorption of a metallic ion can be formulated in

three consecutive steps (Eqs. 5.6a–5.6d)54,55:

Menþ þmL� ! MeLm formation of complex½ � ð5:6aÞ
MeLm ! MeLmð ÞELE adsorption of complex½ � ð5:6bÞ
MeLmð ÞEL þ ne� ! Me0 þmL�

reductive decomposition of complex and its desorption½ � ð5:6cÞ

MeLmð ÞEL � ke� ! Me n�kð Þ þmL�

decomposition of complex alternate variant½ � ð5:6dÞ

where the index “EL” means the electrode surface, “m” a stoichiometric coefficient

and “Me(n�k)” is the reduced or oxidised form of the metal (e.g. FeIII! Fe2+ in

reference (94) or CeIV!Ce3+ in reference (108); in both cases the resultant ions

are released into the solution).

This direct adsorption of the target substance (often performed in situ, after

precipitation with a reagent added to the sample) can be controlled via some

experimental factors, such as actual surface conditions or homogeneity of the

electrode.54 As pointed out by numerous authors, mercury drops available with a

HMDE or the array of tiny droplets of MFEs are the materials of choice offering

nearly an ideal surface by liquid mercury. Both configurations have been many
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times proven to be the most convenient substrates for adsorption/desorption

processes.43,44,54,112

Thus, classical electrochemical stripping analysis (ESA) had spawned an

offspring—adsorptive stripping voltammetry (AdSV) that became soon one of

the most frequent techniques in electrochemical trace determination of metals

(see, e.g., reference (113) and references therein). The determinations by AdSV

and the related potentiometric method, constant current (adsorptive) stripping

analysis, CCSA, are characterised by high selectivity which can be yet improved

in the open-circuit arrangement and/or medium exchange.54,55 AdSV also offers

remarkable detection capabilities down to the nanomolar level (see Table 5.2

and references (94, 97, 108, 110)).

Sometimes, adsorptive accumulation is accompanied by electrolytic

pre-reduction to the elemental state (Eqs. 5.7a and 5.7b) prior to the electro-

chemical detection (Eq. 5.7c), e.g.

Menþ þmL� ! MeLm complexationþ deposition½ � ð5:7aÞ
MeLm þ ne� ! Me0 þmL� electrolytic reduction½ � ð5:7bÞ
Me0 ! Menþ þ ne� anodic or CC reoxidation½ � ð5:7cÞ

In the model equation sequence, stoichiometric coefficients are equal, n¼m,

whereas “CC” means the positive constant current of the μA intensity. This

mechanism is quite typical for heavy metals due to their deposition affinity; see

Table 5.1.18,21,25

According to the previous classifications,54,55,57,114 also other adsorption

processes can be distinguished—mainly for chemically modified electrodes,

CMEs—depending on the accumulation principles, electrode surface conditions

and actual chemical equilibria (always, in close relation with solubility products,

pKS, or conditional stability constants73). Together with the already introduced

schemes (Eqs. 5.6a–5.6c), there are the following possible sorption mechanisms

(Eqs. 5.8a–5.11):

MeXmð Þm� þ Xm�ð ÞEL ! MeXmð ÞEL
� �m� þ Xm� competitive adsorption½ � ð5:8aÞ

MeXmð Þm� þ Ym�ð ÞEL ! MeYmð ÞEL
� �m� þ Xm� ð5:8bÞ

MeXmþ þ Lð ÞEL ! MeXLð Þmþ
EL synergistic adsorption½ � ð5:9Þ

Menþ þ Lð Þm�
EL ! MeLð ÞEL for n ¼ mð Þ electrosorption½ � ð5:10Þ

Menþ þ �Zð ÞEL ! Me� Zð ÞnþEL chemisorption½ � ð5:11Þ

where the subscript “EL” means the electrode surface, and “–Z” a functional

group, other abbreviations and symbols being obvious or already explained.

The individual mechanisms are essential for many popular methods, including

the pre-concentration of NiII- and/or CoII-dimethylglyoximates,81,93,98,115–118

NiII- and CoII-nioximates,97 CoII/III-1-nitroso-2-naphthol,81 MeN-alizarin
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complexans,109,110 FeIII-catecholate94 and CrIII-cupferron.101 Regarding

synergistic processes (Eqs. 5.8a, 5.8b, and 5.9), they can be represented by

adsorption/extraction accumulation (e.g. reference (100)), whereas

electrosorption (Eq. 5.10)—i.e. entrapment of electrically charged species via

van der Waals forces—may accompany ion pairing.104,105 Otherwise, one can

speak about synergistic adsorption when an uncharged complex of the MeX type

is formed in the solution and, in parallel, interacting with another ligand (“L”)

being then firmly adsorbed onto the electrode surface and rearranged into a

MeXL adduct anchored by adsorption as well.55 Finally, chemisorption

(Eq. 5.11) can be utilised after immobilisation of an analyte during redox

reactions103 or, eventually, at some CMEs employing the function of inorganic/

organic hybrids with reactive functional groups (“–Z”) that are able of effectively

complex-binding the respective ion, Men+ (for typical examples, see references

(55, 58–60) and references therein).

Apart from diverse mechanisms of adsorptive pre-concentrations, there is yet

another valuable aspect of this process—its applicability to indirect methods, in

which hardly reducible or even totally irreducible metal ions can be determined

via redox transformations of ligand(s) in complexes with such metals. Typical

examples are Al3+ (reference (119); on HMDE, however, determinable also via

direct reduction107), Sc3+ (reference (109)) Be2+ (reference (120)) or ions of

alkaline metals (e.g. Li+, Na+, K+ and Cs+ in reference (121)).

Extractive Accumulation
This applies to another possible way of non-electrolytic accumulation, based

on spontaneous transfer and distribution of a species between two liquid phases,

typically from an aqueous solution into a non-polar medium, when the role of

exchanged species can be attributed to neutral molecules or ion associates with

compensated charge. This is accomplished with the liquid binder in carbon paste

mixtures55,56,122 or by liquid membranes coating the tips of potentiometric or

amperometric sensors.123–125 In both cases, extraction (Eq. 5.12a) and the

reverse process, re-extraction, take place in the electrode bulk (“ELB”) before

the release from the interior to the aqueous phase (“AQ”) and the final disinte-

gration during detection (Eq. 5.12b):

A-B AQð Þ ! A-Bð ÞELB ! A-B AQð Þ

extraction and re-extraction of molecular species½ �
ð5:12aÞ

A-B AQð Þ ! A AQð Þ þ B AQð Þ electrolytic decomposition½ � ð5:12bÞ

which gives rise to characteristically broad voltammetric signals or long-time

responding potentiometric cells.122,123 Instructive information can be found in

the literature.55,56,122
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Ion Pairing and Ion Exchange
Both processes are based on electrostatic interactions between the charged

analyte and a correspondingly charged reagent, either dissolved in solution or

embedded in the electrode material as a bulk modifier.55 Frequently, ion

exchange and ion pairing act together or even mean the same process, which

is also evident from various mechanisms reported in the literature (see reference

(55) and references therein).

Compared to adsorption and extraction, the resultant effectiveness of the

ion-pairing process primarily depends upon the reagent involved, whereas the

“quality” of the electrode (substrate) is of lesser importance.55,56 A straightfor-

ward approach of ion exchange accumulation is in situ modification employing

an ion exchanger not sooner than during the measurement, which can be

advantageous if one does not want to prepare specially modified electrodes

extra but uses a common bare sensor.

Secondly, ionic analytes of opposite charge can be immobilized and

pre-concentrated by ion pairing with highly lipophilic and voluminous moieties,

such as anion-attracting tetraalkyl ammonium salts (e.g. CTAB, see Table 5.2

and references (100, 104, 105)) or the long-chain alkyl-sulphonic acids for

coupling with cations. Also this type of pre-concentration can be accomplished

in situ and due to this, it can be classified as a particular case of the previous one.

Other strategies already require the preparation of CMEs containing the

respective ion-pairing agent. As surveyed recently,55 this can be achieved by

two fundamental ways: (1) the direct incorporation of a solid ion exchanger into

the electrode bulk, or (2) the use of liquid ion exchangers in the carbon paste

configuration, where such a substance acts in a dual role—it replaces the pasting

liquid/binder while being also as an ion-pairing agent.126 Regarding both

approaches, the latter is apparently more convenient because it ensures a better

homogeneity of the modified electrode materials, which applies not only to

CPEs, but also to the carbon inks used in manufacturing of screen-printed

electrodes and sensors.80,127–129

A model pathway of ion-pairing mechanisms can be shown on the above-

mentioned, dually acting carbon paste binder tricresyl phosphate (TCP) as an

example. This mixture of isomers is commercially available and, in electroanal-

ysis with CPEs, an already well-established pasting liquid.130 Abbreviating the

o,m,p-dimethylbenzene groups by “Ar”, the process can be described by

Eqs. (5.13a) and (5.13b):

Arð Þ3P ¼ Oþ Hþ ! Arð Þ3P ¼ OHþ ð5:13aÞ
Arð Þ3P ¼ OHþ þ B� ! Arð Þ3P ¼ OHþB�� � ð5:13bÞ

where “B�” is the anion of interest and the structure in brackets the ion associate
formed. The scheme indicates that the TCP molecule has to be protonated prior

to ion pairing.126
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Finally, it should be emphasised again that the ion-pairing process is often

spontaneously accompanied by extraction because all the ion pairs and ion

associates bear compensated charges and—as each neutral species—naturally

tend to be extracted.55,56,122 Similarly, a combination of ion pairing with adsorp-

tion is feasible in situations when a compact (and not penetrable) electrode

substrate is being employed.

Intercalation Inside a Crystalline Structure
Such an insertion of a suitable substrate/modifier belongs to indeed rare

non-electrochemical processes and there are only a few examples of such methods

used in practical electroanalysis. Their attractiveness can be seen in its capability to

determine some almost inert metal ions, such as Li+.131

Electrocatalytically Assisted Detections
In contrast to the previous phenomena, catalytic processes represent a relatively

frequent principal approach on how to significantly enhance the resultant sensi-

tivity of voltammetric detections.63,64 Actually, it had also given rise to a special

technique known under the abbreviation AdCtSV, i.e. “adsorptive catalytic

stripping voltammetry”.64 In such measurements, a catalyst (or a mediator in

biological reactions125) generally accelerates and amplifies the electrode redox

transformation of an analyte and the transfer of electrons, acting as a special

marker (analogically to classic H2 waves in polarography132). In some pro-

cesses, the resultant responses exhibit extraordinary intensities, explaining why

electrocatalysis-assisted detections can be remarkably sensitive.63,64,98

Evidently, (electro)catalytic measurements are the domain of CMEs,55 when

the catalyst of choice can be applied as a solid incorporated in the electrode bulk,

adsorbed onto the surface, or even immobilized chemically.

In Table 5.2, electrocatalytically assisted methods are illustrated by two char-

acteristic examples,96,98 when the detection is based on the reduction of NiII- and/or

CoII-dimethylglyoximate (“DMG”; Eq. 5.14a) catalysed by parallel reduction of

perchlorate (reference (96) Eq. 5.14b) or nitrite (reference (98) and Eq. 5.14c):

MeII-DMG
� �

EL
þ 2e� ! Me0

� �
AQ

þ DMGð ÞAQ ð5:14aÞ
2ClO4

� þ 2e� þ 4Hþ ! 2ClO2 þ O2 þ 2H2O ð5:14bÞ
3NO2

� þ 5e� þ 8Hþ ! NOþ N2Oþ 4H2O ð5:14cÞ

when, in both cases, the sensitivity is enhanced more than one order. According to

more detailed investigations also the ligand is electrochemically converted and

contributes to the current flow. As seen in the table, catalysing chemicals can be

present in the solution, which is advantageous with respect to possible selection

of their optimal concentration compared to a control via the content in the electrode

bulk. Nevertheless, it should be mentioned that the term “catalytic”, though

accepted in the literature, is somehow doubtful because the “catalyst” is consumed

in the reaction. In the literature this expression is also used formediators (modifiers

at the electrode surface) whose action is mainly to decrease overpotentials.
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3. Other Possibilities

In environmental electroanalysis, some less frequent approaches are potentiometric

determinations with ISEs, for instance, Al3+ in water samples133; Ca2+, Mg2+

and K+ in soil extracts134,135; or—with some promise—also Rb+ and Cs+.136,137

Furthermore, there are setups in flowing streams96,116 or relatively abundant

indirect methods in the AdSV mode104,105,107,109,110 which complete the

previously introduced concepts (Eqs. 5.6a–5.11) with the following schemes

(Eqs. 5.15a–5.15c):

Menþ þmL� ! MeLm formation of complex½ � ð5:15aÞ
MeNLm ! MeNLm

� �
EL

adsorption of complex½ � ð5:15bÞ
MeLmð ÞEL � ne� ! Menþ þ L

0
redox transformation of the ligand½ � ð5:15cÞ

where “L0” is the ligand after reduction (e.g. references (107, 109)) or in an

oxidised form104,105,110 and “Men+” denotes the ionic form of themetal (either the

original one or after release from the complex and having unchanged valence).

5.2.2 Electrochemical Methods for Environmental Analysis

Iron, cobalt and nickel belong to the most common metal elements on earth,

occurring in ores and minerals, in natural waters as well as in industrial products,

and their chemistry is known in detail. For these three metals, typical and widely

used electroanalytical methods combine traditional principles with modern instru-

mentation and latest advances.

Exemplary cases are the use of classical reagents like polyhydroxy-benzenes

or Solochrome violet for Fe (see Table 5.2 and references (94, 95)), 1-nitroso-2-

naphthol (also known as “N-N” or “Iliinskii’s reagent”138) for Co and mainly

dimethylglyoxime (DMG or “Tschugaeff’s reagent”139) for Ni, designed for

HMDE (e.g. references (98, 115)), MFE,93,96,117 Ag-amalgam,97 BiFE,118 CPE

modified with DMG117 or GCE96 in AdSV93,115,117 or CCSA,116,118 as batch

measurement93,115–118 or FIA arrangement,96 occasionally with some special

in-field and expedition adaptations,81 the latter being documented on a collage in

Fig. 5.2 (from references (81, 91–93)).

Manganese, chromium, molybdenum, vanadium, titanium, aluminium and some

rare earths represent, in fact, metals of rather wavering interest, nevertheless still

belonging to a portfolio of permanently monitored pollutants.

Their corresponding electroanalytical methods cannot be easily schematized;

nevertheless, many of them utilise again various classical reagents like

cupferron (see Table 5.2 and reference (101)), oxin102 or alizarine109,110 and the

already discussed adsorption/desorption stripping models. In these cases,

the individual determinations may be complicated by mutual interferences and

therefore, a very careful optimisation of experimental conditions is almost
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mandatory, especially, with respect to the supporting electrolyte composition, pH

and the parameters of the potential ramp. If this is taken into account, then it is

possible to elaborate and carry out numerous simultaneous determinations; see

Table 5.2 and references (93, 97, 98, 104, 105, 110).

Alkaline earths (mainly Be, Mg, Ca) and alkaline metals (Li, Na, K) seem to be

of somewhat marginal topic with respect to their environmental monitoring and

compared to, for example, clinical and pharmaceutical analysis.65,140 Electrochem-

istry of these otherwise abundant elements is scanty and framed by a few potentially

applicable ISEs65,133–135 or, occasionally, by some indirect methods with ampero-

metric detection and based on the ion-exchange/exclusion principle.121 However,

as shown recently, more effective use of stripping voltammetry can also be the case,

namely for the determination of lithium in natural waters by DPASV.131 The

sophisticated procedure utilises the reduction MnIV!MnIII in manganese dioxide

used as a bulk modifier of carbon paste (ca. 25 % m/m) and the consequent

intercalation/insertion of Li+ ions into the spinel structure of γ-MnO2.

5.3 Precious Metals and Some Other Heavy-Metal

Elements

The third group of chemical elements reviewed in this chapter comprises two

precious metals, silver and gold, plus the sextet of Pt metals: ruthenium, rhodium,

palladium, osmium, iridium and platinum. Considered will be also some less

frequent heavy metals, i.e. antimony, bismuth, indium, tin (by some authors

referred to as “stannum”) and uranium.

The selected elements represent the remaining environmentally important

metals and, at the same, they also possess some related physicochemical and

electrochemical properties. They may be related also with some associations and

consequences of principal importance.141 Starting with silver, its environmental

impact is connected now with massively popularised nanoforms of silver,142 in

which the long-time known disinfectant properties of the Ag+ species are appar-

ently undergoing a new renaissance. In this context, the already reported hypoth-

eses should be remembered that some toxic effects of nanosilver are due to a

combination of specific properties of Ag nanoparticles with their capability to

release Ag+ ions.142

Concerning gold, there are mainly the aspects of its surface or undersurface

mining143 apart from the fact that the respective processes are the classic pro-

cedures with its extraction by means of cyanide or elemental mercury or some more

modern and environmentally friendlier ways.

Platinum metals are eventually coming into the focus with the continuing

progress of their use in automobile catalysts with potential tendencies for environ-

mental and biological accumulation.144,145 This concerns predominantly Pt, Pd and

Rh, whereas the remaining elements are used in much minor extent. Available
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evidence from analysed tissues from sediment-dwelling invertebrates and some fish

exposed to polluted water with contact to road dust indicates clearly that Pt metals,

especially Pd, are readily transported to biological materials and are accumulated,

for example, in the human body in liver and kidneys.144 A considerable danger

associated with Pt metals can be attributed to their distinct catalytic properties that

may initiate some mutagenic processes, including cancer. Also disposals and

excretions of pharmaceuticals containing platinum, such as the chemotherapeutic

agent “cis-platinum”, should be considered. As already quoted, the analytics of Pt

metals are becoming a challenge and one of the anticipated problems in the future.

Other heavy metals including uranium also have unquestionable environmental

significance, on one side bismuth as a representative of “green elements”,50–52 and

on the other, indium and uranium as toxic elements whose more abundant occur-

rence in the environment is generally undesirable and, locally or even regionally,

still more intensively monitored (see, e.g., references (3–5)).

5.3.1 Choice of the Methods and Their Basic Principles

Table 5.3 summarises key facts and data from selected methods146–160 for the deter-

mination of the Pt metals, as well as for the other metal elements mentioned above.

1. Electrolytic Depositions

According to some authors55,161,162 both silver(I) and gold(III) are the best

accumulation-able species among all the metals at bare carbonaceous materials

like glassy carbon, pyrolytic graphite or even carbon paste. This is explained

mainly by very favourable deposition/dissolution potentials positioned within

the range of easily accessible positive potentials (ca. +0.1 to +0.7 V

vs. Ag/AgCl), where such carbon-based electrodes offer, in general, superb

signal-to-noise characteristics.161

Thus, many electroanalytical methods designed for electrochemical stripping

have employed this type of pre-concentration (Table 5.3 and references (146,

147, 149)). Whereas the reaction pathway of Ag+ single ions is analogous to that

shown in Eqs. (5.1a) and (5.1b) (for heavy metals), the deposition and stripping

of gold are sketched in Eqs. (5.16a) and (5.16b), because trivalent gold exists

mainly as an anion (tetrahaloaurate):

AuX4½ �� þ 3e� ! Au0 þ 4X� ð5:16aÞ
Au0 þ 4X� ! AuX4½ �� þ 3e� ð5:16bÞ

An interesting method for the determination of silver utilizes potentiostatic

deposition combined with pre-activation of the working electrode and exploiting

the assistance of ion pairing which results in detection capabilities at the

ubiquitous level of silver (Fig. 5.3 and reference (146)).
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2. Non-electrolytic Pre-concentrations

In the case of Ag, Au, Pt metals and the remaining title metals, various suitably

chosen non-faradaic processes and mechanisms may provide a very powerful

methodical basis applicable also in environmental analysis.

Adsorptive pre-concentration
In Table 5.3, adsorption is the main accumulation principle in several procedures,

such as determination of PdII via its DMG-chelate154 exploiting its formation and

stability at acidic pH different to NiII or CoII 117 pre-concentration of tin bymeans of

Fig. 5.3 Determination of Ag+ ions at the ultratrace level at the activated carbon paste electrode

containing tricresyl phosphate as a binder and additionally modified in situ with alkyl-sulphonate.

Legend: (a) The surface states at the pre-cathodised electrode, a scheme; (b) synergistic accumu-

lation of Ag(+) ions via electrolytic reduction of the single ions with Ag(+)–R-SO3
(�) ion pairs

pre-concentrated in parallel; (c) model calibration of Ag+ ions in the DPASV regime, with

pre-concentration time for 120 min, (1) baseline/blank, (2–5) c(Ag+) from 7� 10�13 to

3� 10�12 mol L�1; (d) special test on detection capabilities of the method, (1) blank, (2) ca.
1� 10�12 mol L�1, (3) 1� 10�9 mol L�1 (images “a, b, d” compiled and rearranged from the

authors’ archives; “c” reproduced with permission,146 for other details on experimental conditions

and instrumental parameters, see the same source)
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purpurocatechol (or tropolone, see reference (158)) and determination ofUVI via the

uranyl ion, UO2
2+ (reference (159, 160)) whose affinity towards some classic

reagents is comparable to that of other metals discussed in Sects. 5.1 and 5.2.

Extractive and ion-pairing accumulation
In many methods both mechanisms act simultaneously or one after the

other.55,145 In any case, an anionic species, e.g. [MeIVX6]
2�, is involved and

the corresponding ESA mechanism which can be formulated in the following

way:

2 Org-B½ �þ þ MeX6½ �2� ! Org-B½ �2þ;MeX6
2�� �

AQð Þ ion pairing ð5:17aÞ
Org-B½ �2þ;MeX6

2�� �
AQð Þ ! Org-B½ �2þ;MeX6

2�� �
ELð Þ extraction ð5:17bÞ

Org-Bþ½ �2;MeX6
2�� �

ELð Þ þ 4e� ! 2 Org-Bþ½ � þMe0 AQð Þ þ 6X� ð5:17cÞ

where “Org-B” represents a large cation with lipophilic organic skeleton. The

same reaction pathway (Eqs. 5.17a and 5.17b) accompanied by the reductive

stripping (Eq. 5.17c) was presented in reference (153).

The mechanism enabled to determine simultaneously Os, Ir and Pt, where the

ion-pairing reagent was found especially efficient for Os, resulting in a LOD

below the nanomolar level.163

Electrocatalysis / Catalysis-Assisted Detection
This is a very typical feature of Pt metals, is involved in a palette of methods,

which is the case of the determination of platinum via the PtII-formazon complex

or similar adducts,152 representing the most frequently chosen approach to

determine platinum (e.g. reference (145) and citations herein).

The original variant of the method164 is based on a mutual reaction between

formaldehyde and hydrazinium ions in acidic media directly in the sample

solution yielding an unstable intermediate, formazin (Eq. 5.18a), that instanta-

neously reacts with PtII (formed meanwhile from PtIV by reduction with one of

the reagent Eq. (5.18b), giving rise to the resultant complex (Eq. 5.18c):

HCH ¼ Oþ N2H5
þ ! CH2 ¼ N� NH2ð Þ þ H2Oþ Hþ

formazin reaction
ð5:18aÞ

PtCl6
2� þ N2H5

þ þ Hþ ! Pt2þ þ N2 þ 6HCl reduction of PtIV ð5:18bÞ
CH2 ¼ N� NH2ð Þ AQð Þ þ PtII ! CH2 ¼ N� NH2ð Þ2Pt

� �
ELð Þ

2þ

in situ adsorption
ð5:18cÞ

where the subscripts “AQ” and “EL” have the same meaning like before. The

complex adsorbs strongly onto the electrode surface, causing large catalytic

hydrogen waves as the resultant signals to be recorded. Among the Pt metals,

the whole procedure is almost specific and achieves remarkable detection limits

5 Metals 815



(far below the nM level), which has inspired some authors for elaborating further

modifications and adaptations,145 including those with the formation of PtII-

thiosemicarbazone,165 PtII-formaldoxime166 or PtII- and RhIII-HCH¼O

adducts167,168; all of them being capable of generating respective H2 waves, the

latter reaction is fairly applicable to detect simultaneously rhodium and platinum.

Similar (electro)catalytic procedures can also be applied to determine osmium in

the sample solution containing dispersed OsO4 and BrO3
� ions169 or iridium via

the IrIV-malachite-green complex in the presence of IO4
�.170

Bioaccumulation of gold(III) should not be omitted at the end of this brief survey

of non-electrochemical preconcentration schemes. More specifically, a green

alga (Chlorella pyrenoidosa sp.,171) or thoroughly pre-dried antheral cells from

Datura innoxia (a plant species known also as “moonflower”,172) were shown to

be the modifiers of choice for fairly selective determinations via purely

bioaccumulative principles.

3. Other Possibilities

In Table 5.3 one example is included presenting the results of a study with a

“non-Nernstian” ion-selective electrode148; otherwise, the methods based on

principles differing from those commented in points (1) and (2) are scarce

(e.g. references (30–33, 55, 145)).

5.3.2 Other Electroanalytical Methods
and Simultaneous Determinations

Concerning silver and gold, despite the existence of numerous sophisticated

methods for their voltammetric determination (see, e.g., references (146, 150,

151)), both precious metals can be determined simply but still simultaneously

using the already mentioned direct deposition at (bare) carbonaceous electrodes.

The resolution of the corresponding stripping peaks is sufficient, with EP(Ag) ca.

+0.2 V vs. SCE and EP(Au) +0.7 V, for their detection down to the nM level in LSV

mode.162 Quite atypical employment of an HPLC-EC system for the determination

of Ag+ was described recently173 in an environmental study on the role of Ag+ ions

in growth of some underwater plants via their reaction with –SH groups. Such

thiolic compounds are also the reagents of choice in various methods with adsorp-

tive accumulation of Ag (see, e.g., reference (174)), whereas ion pairing can be

accomplished with quaternized polyvinylpyridine with immobilised [Fe(CN)6]
4�,

[Mo(CN)8]
4� and [Ir(Cl)6]

3� anionic species.175 In contrast to this, electroca-

talytical procedures for determinations of AgI and AuIII are very rare

(e.g. reference (176)).

For platinum metals, most typical approaches have already been summarized; a

bio-assay can be mentioned still for the determination of platinum with a

DNA-modified biosensor177 operated in amperometric mode and potentially appli-

cable to environmental samples of biological origin.
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Some other and alternate methods are available also for the remaining heavy

metals. For instance, in stripping voltammetry, antimony and bismuth exhibit close

stripping characteristics and their dissolution signals may overlap.30 To avoid this,

both metals are accumulated as ion associates via the respective iodo-complexes,

SbI4
� and BiI4

�,126 of which the latter is more stable,73 thus permitting selective

accumulation of BiIII and its subsequent cathodic stripping (with reduction to Bi0)

in the presence of a tenfold concentration excess of SbIII species. It has already been

shown that a bismuth-film electrode, BiFE, can substitute the mercury counterparts

for the determination of indium (see Table 5.3). Electrolytic deposition at BiFEs is

also feasible for the determination of tin if one ensures highly acidic and/or highly

salinic media (e.g. 2 M HCl178 or 2.5 M NaBr179) that stabilise Sn2+ ions against

hydrolysis, enhance the selectivity against potentially interfering Pb2+, Cd2+ and

Tl+ species, as well as prevent possible oxidation of SnII to SnIVO2+. Finally, for

uranium, the use of AdSV is almost obligatory as confirmed in a recent report on its

determination with the lead-film electrode, PbFE,180 successfully verified on a

certified reference material of natural water.
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80. Švancara I, Metelka R, Tesařová E (2006) Stripping voltammetry at mercury film plated

carbon paste- and screen-printed electrodes. Ten years of advanced laboratory practice for

students at the University of Pardubice. Sci Pap Univ Pardubice A 11:343–361
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118. Hutton EA, Hočevar SB, Ogorevc B, Smyth MR (2003) Bismuth film electrode for simulta-

neous adsorptive stripping analysis of trace cobalt and nickel using constant current

chronopotentiometric and voltammetric protocol. Electrochem Commun 5:765–769

119. Cai QT, Khoo SB (1993) Differential pulse voltammetric determination of aluminum at

a 8-hydroxyquinoline modified carbon paste electrode. Bull Singapore Natl Inst Chem

21:157–170
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122. Švancara I, Schachl K (1999) Testing of unmodified carbon paste electrodes. Chem List

93:490–499
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Chapter 6

Non-metal Inorganic Ions and Molecules

Ivan Švancara and Zuzana Navrátilová

In this chapter, inorganic non-metallic analytes are overviewed, comprising

selected inorganic anions (namely NO3
�, NO2

�, N3
�, HPO4

2�, SO4
2�, CN�, F�,

I� plus IO3
�, ClO4

�, and OH�), cations (H+, NH4
+, N2H5

+), and inorganic mole-

cules (O2, H2O2, and common toxic gases like H2S, SO2, NOX, and Cl2) (Table 6.1,

data from references 1–20). Additionally, some other species from the individual

categories will be shortly presented throughout the text in an effort to cover briefly

most analytes which deserve some attention with respect to their environmental

occurrence and possible impact on the biosphere. Gaseous sulphur and nitrogen

compounds will be considered in separate chapters; therefore their summary here

will be only short and complementary.

A straightforward classification of non-metallic inorganic pollutants with respect

to their role in the environment would be rather fragmented, but there is one

connecting point; it is the fact that the great majority of such substances are of

anthropogenic origin, coming from industrial plants, agriculture, food production,

as the flue gases from power plants, from public and/or household heating systems,

automobile exhausts, etc.21–25
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Regarding nitrates and phosphates or sulphates, their main users are agriculture

(mainly as fertilisers) and water-treatment stations. Sulphite is of interest mainly in

food analysis. Nitrite, iodide, and fluoride are also more typical for the food and

pharmaceutical industry but, in some extent, they are monitored in the environment

(e.g. nitrite is used in syntheses of explosives, together with nitrates, azides, and

perchlorates). A severe industrial pollutant is undoubtedly cyanide, mainly for its

extreme toxicity and well-known ability to participate in numerous complex-

forming reactions. Hydroxide is needed in many industrial processes as being

involved in various pH-dependent reactions, unless of quoting that pH measure-

ment itself—i.e., the determination of H+ ions—represents a routine laboratory

operation needed almost anywhere.

Ammonium comes into environment via fertilisers, but it is also the key indica-

tor of biological decay in natural waters. Highly toxic hydrazinium and

hydroxylammonium ions are normally found in localities with special productions,

where their monitoring seems to be of constant interest. The list of inorganic

molecules continues with gaseous pollutants, NOX, SO2, H2S, and Cl2, whose list

can further be extended with other globally occurring common gases, such as CO,

CO2, and ozone, O3, whose environmental monitoring is not so frequent.

Hydrogen peroxide, H2O2, together with organic peroxides, is involved in a

number of biological pathways, where this molecule is frequently monitored, but

also plays an important role in many industrial processes. Last but not least, the

environmental importance of (di)oxygen, O2, is obvious and does not need any

special comment, perhaps, a remark that, in environmental determinations by

electrochemical methods, the respective procedures are predominantly dealing

with its determination in water samples.

6.1 Choice of the Methods and Their Basic Principles

6.1.1 Redox (Faradaic) Transformations

A majority of non-metallic species of environmental significance is electrochemi-

cally active and the respective cations, anions, or molecules involved in the

electrode processes are connected with the electron transfer.26–30 Thus, in this

category, the current measurement-based techniques dominate apart from the fact

if a single redox or a synergistic process is to be measured.

Normally, when using stripping techniques for non-metallic species, there is no
deposition comparable to the amalgamation at mercury electrodes or alloying for

bismuth alternatives; nevertheless, a possible accumulation step cannot be simpli-

fied to a pure oxidation and/or reduction. As documented in the table, such a case is

only seldom (e.g. in references 16,18), whereas the prevailing accumulations utilise
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parallel non-faradic processes, facilitating or even enabling inevitable adherence of

an analyte onto the electrode surface. Due to this, typical examples of such

combined processes are given next.

6.1.2 (Accompanying) Non-electrolytic Processes

When considering the relevant data in Table 6.1, three most typical variants of the

combined mechanisms can be sketched as follows:

Org-B½ �þ AQð Þ þ A� ! Org-B½ �A ELð Þ formation of a precipitate

and its adsorption onto EL
ð6:1aÞ

Org-B½ �A ELð Þ � ze� ! Org-Bþ þ A z�1ð Þ destruction of the complex

during redox detection
ð6:1bÞ

Org-B½ �þ AQð Þ þ A� ! Org-B½ �þ; A�� �
intð Þ formation of ion-associate

and its extraction into EL

ð6:2aÞ
Org-B½ �þ; A�� �

intð Þ ! Org-B½ �þ; A�� �
ELð Þ re-extraction from el: bulk ð6:2bÞ

Org-B½ �þ; A�� �
ELð Þ � ze� ! Org-Bþ þ A z�1ð Þ decomposition of ion-pair

during redox detection catalyst

ð6:2cÞ
Org-B½ �A ELð Þ � zþ xe� ! Org-Bþ þ A z�1ð Þ � xe� enhanced response

by electroð Þcatalysis
ð6:3Þ

where the respective stoichiometric coefficients are, for simplicity, assumed to be

“m¼ n� 1”; other abbreviations and symbols have the same meaning as in Chap. 5.

In the table, schemes by Eqs. (6.1a, 6.1b) correspond roughly to the mechanism

reported in references 4,5. Eqs. (6.2a–6.2c) then describe the pathway in

references,3,7,11–13 whereas the (electro)catalytic detection, indicated by Eq. (6.3),

can be attributed to references 6,14,17.

6.1.3 Other Possibilities

Table 6.1 includes also methods or their sequences that cannot be classified

according to the schemes presented above. There are two examples on zero-current

measurements by (equilibrium) potentiometry: the use of classic F�-ISE, when the
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special adaptation of standard addition procedure had allowed the authors to

analyse seawater without buffering10 and the determination of redox indifferent

sulphate by means of membrane ion-exchange with a Me-Org-SO4 adduct.
8

Furthermore, in the table, one can also find direct reduction (without accumula-

tion) of an anion initiated by a catalyst,1 intermediate oxidation of the analyte

before its reductive stripping,11–13 precipitation and dissolution of the electrode

material during oxidative scanning,4 or indirect detection of the analyte, causing the

inhibition of an enzyme-catalysed biological reaction.9

As already mentioned for metal-based ionic species, the intermediate reduction

to the elemental state is occasionally made in order to improve the adherence of

the deposit to the electrode surface. However, there can also be another reason,

which is the case of some methods for the determination of iodide that utilise the

reversible process 2I�⇌ I2 + 2e
� and, mainly, the extraction capabilities of

molecular iodine involved in this reaction. And if one has at hand an electrode

enabling to incorporate the extraction/re-extraction step, e.g. a CPE with liquid

binder serving as extraction medium, the overall mechanism obtains the addi-

tional benefit of markedly improved selectivity11–13 compared to similar

approaches based on ion pairing at CMEs with compact electrode substrate

which does not permit such extraction pathway. A method utilising the ion pairing

of I� anion, its oxidation to I2 with subsequent extraction/re-extraction in the

carbon paste bulk, is sketched in Fig. 6.1, assembled from the authors’ presenta-

tions and reports.11–13,30–32 The figure shows the oxidation of the ion pair formed

(a) and its subsequent extractive pathway (b). The method itself has been shown to

be extraordinarily selective and, besides its applications quoted in Table 6.1,

allows the determination of iodide also in seawater at its typical concentration

level (see Fig. 6.1c).

6.2 Electroanalysis of Non-metallic Species and Molecules

6.2.1 Alternate Approaches to the Determination of the Title
Analytes and Some Related Substances

Among nitrogen-derived compounds hydroxylammonium salts, NH3OH
+A� are

occasionally used as selective reductants (see, e.g., reference 11) representing also

highly toxic species occasionally distributed in the hydrosphere due to their excel-

lent solubility in water.33 The respective, highly sensitive determination of

NH3OH
+ can be performed amperometrically with a Pd-powder-modified elec-

trode.34 Another interesting nitrogen-based structure is the azide anion,

[N¼N¼N]�, whose environmental significance is associated not only with well-

known production of primary explosives, but also with its widespread use in
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automobile airbag propellants.35 Despite kinetically driven reaction, azide is read-

ily oxidisable and thus, it can be determined at various electrodes, including those

made of carbon paste36 or boron-doped diamond.37

In environmental analysis of the recent period, there is increasing attention paid

to phosphates that exist, according to actual pH, as H2PO4
� and HPO4

2� species,

whereas the PO4
3� ion exists only in highly alkaline media23,24,38, or also in the

form of the poly-meta-phosphates, (PO3)n
�, used in washing powder formulations.

Steadily growing interest in phosphates is undoubtedly associated with their role in

providing favorable conditions for the expansion of toxic green algae in sweet-

water systems in the due of global warming and climate changes.39 Since phosphate

is typically an electrochemically inactive ion,26–29 the effective electroanalytical

Fig. 6.1 Determination of iodide via its ion pairing and subsequent extraction/re-extraction at the

tricresyl-phosphate-based carbon paste electrode (TCP-CPE). (a) Electrode oxidation of the ion

pair formed between the protonated TCP and iodide; (b) extraction of the released iodine into the

carbon paste bulk, a scheme; (c) determination of iodide in seawater (synthetic and spiked sample)

by stripping potentiometry, dotted line: baseline (blank), full lines: 1) sample + 0.1 M HNO3

(pH 1); (2, 3) two standard additions as two aliquots, c(I�)¼ 50 μg L�1. Mode: constant current

stripping analysis with TCP-CPE; EDEP¼+0.8 V vs. ref. for 10 min; the stripping limits:

+0.6!�0.2 V vs. ref., constant current, I¼�1 μA; I2(re-ex)—iodine released by re-extraction

from CPE (adapted and rearranged from references 11–13,30–32)
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methods are based on chemical equilibrium processes at ISEs,40,41 or, newly, upon

mediated or inhibited bioreactions (see, e.g., 42) plus some special principles like

electrochemiluminescence detection.43

Sulphate, SO4
2�, appears in the environment partially from natural sources (via

leaching of sulphate ores and minerals), and partially due to the activities by human

population (residua from fertilisers or as acid rains).44 Similarly to phosphate also

the electrochemistry of the SO4
2� ion does not participate in any redox reactions

and its detection has to be carried out alternately, mainly, via indications of its

involvement in chemical equilibria.45 Sulphite, SO3
2�, holds a prominent position

mainly in food analysis; nevertheless, a few methods for its monitoring in environ-

mental samples have also been proposed.46

Of continuing interest is monitoring of fluoride, F�, equally in seawater and

sweet water,47 where, despite the principal progress of modern instrumental anal-

ysis, still the most popular methods for its determination are based on the classical

F�-ISE, applicable not only to reliable quantification (see Table 6.1, reference 10),

but also for speciation of some fluoride complexes (of the MeIIF+ type, where “Me”

is Mg, Ca, Sr, Ba), detectable at the decimolar level.48 As certain rarity, an

amperometric biosensor for F� can also be mentioned,49 being modified with a

flower tissue and having utilised the above-mentioned bio-inhibition mechanism.

Environmental associations of cyanide, CN�, are summarised in an excellent

review in this topic50 and, besides reference 9 (see Table 6.1), yet another method

presented as an example of an approach employing indeed unusual modifier–liquid

crystals.51

Finally, some electrochemical methods for the determination of carbon monox-

ide, CO,52 carbon dioxide, CO2,
53 and ozone, O3,

54 can also be mentioned.
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13. Švancara I, Ogorevc B, Novič M, Vytřas K (2002) Simple and rapid determination of iodide in

table salts by stripping potentiometry with a carbon paste electrode. Anal Bioanal Chem

372:795–800

14. Neuhold CG, Kalcher K, Cai X-H, Raber G (1996) Catalytic determination of perchlorate

using a modified carbon paste electrode. Anal Lett 29:1685–1704

15. Leventis HC, Streeter I, Wildgoose GG, Lawrence NS, Li J, Jones TGJ, Compton RG (2004)

Derivatised carbon powder electrodes: reagentless pH sensors. Talanta 63:1039–1051

16. Abdelsalam ME, Denuault G, Baldo MA, Bragato C, Daniele S (2001) Detection of hydroxide

ions in aqueous solutions by steady-state voltammetry. Electroanalysis 13:289–294
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Chapter 7

Electroanalysis and Chemical Speciation

Zuzana Navrátilová and Ivan Švancara

7.1 Basic Definitions and Terms

The greatest concern for speciation of the elements relates to their impact on

biological systems depending on their physical and chemical form,1,2 occurrence,

behaviour, and actual circulation in the environment (see scheme in Fig. 7.1; and

reference (3)), toxicological profile,4–7 and bioactivity and bioavailability.5–7

In terms of the official terminology and IUPAC recommendation,8 speciation

analysis can be defined as a tool to find and identify the individual forms for a given

element and to determine their concentration level in the sample, both with a goal to

define the actual distribution of the respective species.

For instance, in the case of metal ions, speciation analysis classifies three basic
forms:

1. Single/free ions of various valence, e.g. Men+ and Me(n+1)

2. Hydrated/labile forms [MeN(H2O)m]
n+, [MeN(OH)2(H2O)m�2]

n+

3. Complex stable structures of either inorganic or organic origin, such as the

anionic species [MeNLm]
(m�n)�

The total content of the metal to be analysed is then given as a sum of the

concentrations of all its forms found out in the sample.
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Faculty of Science, Department of Chemistry, University of Ostrava, 30.

dubna 22, 701 03 Ostrava, Czech Republic

e-mail: Zuzana.Navratilova@osu.cz
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7.2 Electrochemical Measurements

In combination with electrochemical principles, speciation has a long tradition and

at least since the last third of the twentieth century9–15 this special area skilfully

utilises the ability of electroanalysis to indicate the changes in chemical equilibrium

and redox state of various substances, which allows—together with determinations

of their total content—the identification and quantification of the individual forms

and their actual distribution—a problematic deal for many other instrumental

techniques. In this respect, specialised teams have elaborated to a remarkable extent

mainly the electrochemistry of natural aquatic systems, covering for two decades

the dominant part of chemical speciation in environmental electroanalysis (see,

e.g., references (15, 16)).

Concerning the most convenient electrochemical techniques for speciation anal-

ysis, there is (equilibrium) potentiometry and, mainly, stripping techniques with the

effective pre-concentration step for accumulating many species at a high concen-

tration level.

7.2.1 Potentiometry with Ion-Selective Electrodes (ISEs17)

This is the traditional technique for indication of the changes in chemical equilib-

rium and requires zero-current conditions. This may be advantageous with respect

to the high selectivity achieved; however, common potentiometric measurements

are not sufficiently sensitive to be used for monitoring at the trace concentration

Fig. 7.1 Physicochemical processes of inorganic species in the environmental cycle of life.

A scheme (adapted and rearranged from reference (3))
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level typical for environmental samples, except for special types of ISEs with

non-Nernstian responses, reportedly able of operating even at the nanomolar level

or even below (see, e.g., reference (18) and references therein).

7.2.2 Anodic and Cathodic Stripping Voltammetry (ASV
and CSV19, 20)

This technique coupled with differential-pulse or square-wave potential ramp

(DPASV and SWASV) is able to detect extremely low concentration levels

(down to 1� 10-11 mol/L�1), when still distinguishing the labile and non-labile

fractions of the corresponding metal(s). Electrochemical deposition within the

stripping procedure enables to accumulate onto the electrode the labile forms of

metal(s) under controlled—usually, constant—potential, when the effectiveness of

such depositions is strongly dependent upon the type of electrode and the compo-

sition of supporting/background electrolytes (type of major components, pH, ionic

strength, the presence of complex-forming anions or other ligands).

7.2.3 Stripping (Chrono)potentiometry

Stripping (chrono)potentiometry in its two common variants, potentiometric strip-

ping analysis (with chemical oxidation, PSA21,23) and constant current stripping

analysis (CCSA21,22) closely related to both ASV and CSV, is also convenient for

studying metal complexation because it offers comparable sensitivity to stripping

voltammetry; moreover, it is less vulnerable to the undesirable phenomena as

adsorption of metal species or insufficient availability of a ligand during the

measurement.24,25 Furthermore, PSA has been shown to be a useful tool for

studying the stability and kinetics of metal ions bound by heterogeneous ligands

(e.g. fulvic acid), especially thanks to the operability at a wide range of the ligand-

to-metal ratio.24 Yet another advantage of (chrono)potentiometry is its capability to

eliminate the induced adsorption of metal ions and to minimise a ligand concen-

tration excess.25

7.2.4 Working Electrodes for Electroanalytical Speciation

Similarly like in other areas of applied electrochemistry, the leading scientists and

teams9,10,12–15 were usually preferring the reliable constructions of commercially

available mercury-drop-based electrodes, i.e. Kemula’s HMDE and occasionally

also Heyrovský’s DME (see Chap. 1), or their mercury-film alternative, MFE.21,23
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In a lesser scope, the applicability of some carbonaceous and metallic materials as

the electrodes of choice was also reported; for instance, the bare glassy carbon26 or

easily renewable (unmodified) carbon pastes.27,28 For special determinations,

(solid) gold-disc,29 gold-film,27 screen-printed gold,30 or lithographically sputtered

bismuth31 electrodes were successfully used, too.

The second large group of frequently used working electrodes is represented by

chemically modified electrodes (CMEs) expanding substantially the possibilities in

chemical speciation thanks to selectively acting modifiers entrapped at the elec-

trode surface or in the electrode bulk as a suitable ligand,32 ion exchanger,33 or even

enzyme.34

Ligands immobilized in these ways form complexes with metals in solution; the

electrochemical response of a given metal can then be directly related to the

stability constant of a given complex. Such modified electrodes have been applied

to investigate the complex-forming properties of humic substances,33,35,36 for

example, by using them in solid form for direct modification of a CPE and, in

this way, proving the formation of CuII complex structures with solid humic acids/

salts.36 In this study, CuII-humate complexes exhibited labile or slow dissociation

character in dependence of pH. Similarly, a formation of CuII complexes with

humic acid and humates at the surface layer of CPE(s) containing these substances

also in the bulk could be used to quantify the respective metal ions.37 These

complexes were proved by IR spectra indicating the existence of COOH groups.

Finally, the heterogeneous stability constant of the CuII-humic acid complex could

also be determined with the aid of such modified CPE.38

7.3 Basic Strategies in Electroanalytical Speciation

In environmental analysis, representing the prevailing but not exclusive applica-

tions, several fundamental approaches can be noticed as documented in the follow-

ing sections.

7.3.1 Speciation of Metal Forms and Their Overall
Distribution in Aquatic Systems9–16,39–41

In brief, there are four fundamental forms of metal species: (1) free metal ions,

(2) hydrated metal ions, (3) metal complexes with inorganic and/or organic ligands,

and finally (4) metal species adsorbed/entrapped onto solids or colloidal particles.

The early methods for assessment of such metal fractions had employed mainly

voltammetric techniques,9,10,12–15,39 later supplemented or also altered by stripping

(chrono)potentiometry.24,25,42 The corresponding procedures were designed as

more or less uniform schemes combining the identification and determination of
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the individual metal species in untreated natural water, in acidified sample, and

after the UV irradiation of the sample. In detail, a typical speciation procedure for

the metal classification in natural waters was proposed by Nürnberg,14 one of the

true legends of environmental analysis and co-founder of the “Environmental

Specimen Banking” programme (see Chap. 1). During such speciation, the natural

water is being subjected to the following steps and operations:

(a) Filtration to remove and analyse solid matter (with filter porosity: 0.45 μm)!
filtrate is subjected to analyses described in the subsequent steps (b), (c), and (d).

(b) Voltammetric determination of heavy metals in filtrate at natural

pH! information on the dissolved metal species (free ions, hydrated cations,

labile complexes with inorganic ligands).

(c) Voltammetric determination of heavy metals in filtrate after acidifying to

pH 2! amount of heavy metals related to their complexes (with dissolved

organic matter or metals in colloids).

(d) Voltammetric determination of heavy metals after UV irradiation of the acid-

ified filtrate! amount of heavy metals relating to their stable and non-labile

complexes with organic ligands.

Eventually, the above-described procedure was further adapted for the use of

chelating resins,41 or amended with the use of (transfer) stripping voltammetry with

medium exchange,43 when one might, e.g., suppress the undesirable interferences

from some matrix constituents. Subsequently, as depicted by the scheme in Fig. 7.2

(sketched after Hart et al.; see reference (44)), the procedures had become yet more

sophisticated after incorporation of additional separations in an ion-exchange

column or by membrane dialysis, nevertheless, having still pursued the basic idea

Fig. 7.2 Algorithm for chemical speciation of water samples in electroanalysis (drawn and

rearranged from reference (44))
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of separation and differentiation of two ultimate forms with free and complexed/

bound species.

In aquatic systems chemical equilibrium processes and their qualitative and

quantitative characterisation by means of dissociation constants (pKA), stability

and conditional stability constants (KML and K0
ML, respectively), solubility prod-

ucts (pKS), distribution pH diagrams, or reaction rate data have been studied into

detail and well defined (see, e.g., reference (45)), which had inspired some scien-

tists to combine these databases with modern computation modelling and

chemometric methods.

One of the results of such efforts is shown in Tables 7.1 and 7.2, presenting a

model composition of natural river water (Table 7.1) and of seawater (Table 7.2)

with respect to all the chemical species that could be identified and determined by

suitable instrumental techniques. In contrast to the original way of presentation,46

the values listed in both parts have been rearranged in a reader-friendly form

illustrating explicitly the abundance of the individual ions and complexes together

with their corresponding contents in relation to the distribution for each chemical

element and, at the same, with respect to the grand total of all the species in the

water model given.

All the methods and procedures dealing with the metal speciation and distribu-

tion were mostly used for speciation of Cu, Cd, Pb, and Zn in natural waters—in

these cases, predominantly with mercury electrodes (see, e.g., references (9–15)

and references therein)—and speciation of Hg and As at gold electrodes,27,47,48 as

well as various types of CMEs32,35,36,41 and biosensors.34

Concerning the former group of heavy metals, it is worth of to mention, e.g., a

systematic study on the complexing capacity of Cu(II), Cd(II), and Pb(II) towards

various complexing agents (fulvic acid, alginic acid, tannic acid, surfactant Triton

X®) while incorporating the double-acidification procedure of polluted natural

waters and synthetic wastes.16 Also, electroanalytical speciations focused on organ-

ometallic and organosemimetallic species are always attractive, especially those

like (CH3)2Hg and CH3Hg
+34,49; (CH3)4Pb, (CH3)3Pb

+, (CH3)2Pb
2+, (C2H5)4Pb,

etc.50; nearly twenty organostannic compounds, including (C6H5)4Sn, (C6H5)3Sn
+,

and (C4H9)4Sn
51; and some organoarsenic derivatives.52

7.3.2 Differentiation of the Valence/Oxidation State

Certain elements and their single ions or complex forms are of interest with respect

to this specific feature,1 potentially playing a principal role in the final toxicity and

bioactivity4–7 with the subsequent impact on environmental and biological systems.

In electroanalysis, differentiation between two or even more oxidation states has

been in focus mainly in the case of (1) arsenic (AsIII and AsV,48 occasionally also

As�III (53)), (2) chromium (CrIII and CrVI in chromates),54 and in lesser extend

also (3) mercury (Hg2
2+ and HgII (55)) and some other metallic elements like
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Table 7.1 Chemical species in river water and their overall distributiona–c

Major constituents Minor/trace constituents

Element Form (species)

Content

Element Form (species)

Content

(mg kg�1) % (μg kg�1) %

Metals Metals

Na Na+ 12,065 99.6 Fe Fe2+ 8,880 88.3

NaHCO3
0 0.025 0.2 FeOH+ 1,165 11.6

NaSO4
� 0.025 0.2 Fe(OH)4

� 0.006 0.1

Ca Ca2+ 11,825 92.1 Fe3+ 5� 10�12 –

CaHCO3
+ 0.505 4.0 Mn Mn2+ 3,460 96.5

CaSO4
0 0.385 3.0 MnSO4

0 0.090 2.5

CaCO3
0 0.125 0.9 MnOH+ 0.035 1.0

Mg Mg2+ 7,340 91.2 Ni Ni2+ 1,175 38.2

MgSO4
0 0.425 5.3 NiCO3

0 1,900 61.8

MgHCO3
+ 0.270 3.4 Zn Zn2+ 0.410 44.8

MgCO3
0 0.010 0.1 ZnCO3

0 0.375 41.0

K K+ 1,450 99.8 Zn(HS)2
0 0.130 14.2

KSO4
� 0.003 0.2 Al Al(OH)4

� 0.380 100

Bi BiO+ 0.015 – Al3+ 3� 10�7 –

Non-metals Cu Cu2+ 0.060 95.2

Cu(OH)2
0 0.003 4.8

C HCO3
� 72,135 99.6 Cd Cd2+ 0.055 98.2

CO3
2� 0.300 0.4 CdOH+ 0.001 1.8

Si H4SiO4
0 28,360 – Pb PbCO3

0 0.035 93.8

Cl Cl� 10,005 – PbOH+ 0.002 5.4

S SO4
2� 7,115 – Pb2+ 0.001 0.8

B H3BO3
0 0.270 91.5 Ag AgHS0 0.055 100

B(OH)4
� 0.025 8.5 Ag+ 2� 10�8 –

F F� 0.095 – Cr Cr3+ 5� 10�11 –

O OH� 0.005 – Hg Hg2+ 2� 10�12

H H+ 1� 10�5 – Non-metals and semimetals

N NO3
� 895 86.9

NH4
+ 135 13.1

P HPO4
2� 150 85.7

H2PO4
� 25 14.3

As HAsO4
2� 3.5 –

I I•� 2.0 –

S HS� 1.5 88.2

H2S
0 0.2 11.8

Sed HSeO4
� 1� 10�10 –

aPrepared from the results published in Batley GE (ed) (1989) Trace Element Speciation, CRC
Press. For full citation, see the reference list and item46

bAll data given for t¼ 25 �C. Further, the individual values are recalculated to the content in

mg L�1 or μg L�1, resp., when considering the density of seawater of ρW¼ 1.0 kg L�1

cPercentage, when all the species listed give the grand total of 100 %
dData from another source (see reference (3))
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Table 7.2 Chemical species in seawater and their overall distributiona–c

Major constituents Minor/trace constituents

Element Form (species)

Content

Element Form (species)

Content

(mg kg�1) % (μg kg�1) %

Metals Metals

Na Na+ 10,900 93.5 Li Li+ 170 –

NaSO4
� 750 6.4 Rb Rb+ 120 –

NaHCO3
0 15 0.1 Ba Ba2+ 20 –

Mg Mg2+ 1,090 61.3 Al Al(OH)4
� 3.90 74.3

MgSO4
+ 660 37.5 Al(OH)3

0 1.35 25.7

MgHCO3
+ 15 0.9 Al3+ 3� 10�9 –

MgCO3
0 5 0.2 Zn Zn2+ 2.05 56.2

MgF+ 3 0.1 ZnCO3
0 1.60 43.8

K K+ 410 95.3 Ni NiCl2
0 1.05 38.2

KSO4
� 20 4.7 NiCO3

0 0.95 34.6

Ca Ca2+ 380 48.0 Ni2+ 0.75 27.2

CaCl+ 270 34.1 Mn MnCl+ 0.15 71.4

CaSO4
0 135 17.1 Mn2+ 0.06 28.6

CaHCO3
+ 4 0.5 Cd CdHS+ 0.115 45.5

CaCO3
0 2 0.3 CdCl2

0 0.075 29.6

Sr Sr2+ 7 – CdCl+ 0.060 23.7

Non-metals Cd2+ 0.003 1.2

Pb PbCO3
0 0.045 67.2

Cl Cl� 19,900 – PbI2
0 0.015 22.4

S SO4
2� 1,350 – Pb2+ 0.007 10.4

C HCO3
� 75 97.4 Hg HgCl3

� 0.040 100

CO3
2� 2 2.6 Hg2+ 2� 10�15 –

Br Br•� 70 – Cu Cu(OH)2
0 0.031 96.9

B H3BO3
0 20 80.0 Cu2+ 0.001 3.1

B(OH)4
� 5 20.0 Ag AgCl4

3� 0.003 100

Si H4SiO4
0 7 – Ag+ 1� 10�7 –

F F� 0.80 – Cr Cr3+ 5� 10�18 –

O OH� 0.04 – Non-metals and semimetals

H H+ 8� 10�6 –

N NO3
� 297 99.7

NH4
+•e 3.0 0.3

NO2
�•e 1� 10�5 –

I I•� 65

P HPO4
2� 10 96.0

H2PO4
� 0.40 3.9

PO4
3� 0.01 0.1

As HAsO4
2� 2.05 –

a–cSee footnote in Table 7.1, except for the seawater density, which is ρ¼ 1.3 kg L�1
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(4) antimony (SbIII and SbV (56)), (5) iron (FeII and FeIII,(57) or (6) vanadium (VIII,

VIV, and VV (58)).

After basic studies on the speciation of arsenic by polarography with the DME

(see, e.g., references (52, 59)), recent methods are based on more efficient electro-

chemical stripping analysis with gold electrodes,42,48 either in the disc configura-

tion29 or as the gold-film-plated carbon electrode support.27 However,

differentiation between AsIII and AsV in freshwater can also be performed on the

HMDE60 in combination with CSV via varying the supporting electrolyte compo-

sition and using mannitol (polyalcohol) as the activator for the electroreduction of

AsV!AsIII with the consecutive determination of the latter after medium

exchange.

Similarly, an electrolyte with varied pH enabled to determine first AsIII (with an

LOD of 0.2 nM, pH 8) and afterwards the total content of arsenic, i.e. AsIII + AsV

(LOD: 0.3 nM, pH 1), both when employing ASV and a gold microwire electrode.61

An analogous approach to determine total arsenic as AsIII after chemical reduction

of AsV (in this case, using α-cysteine) and, in the second step, AsIII alone utilised

the above-mentioned AuF-CPE in combination with CCSA.27 The respective

method was particular in a simple regeneration of the gold electrode used, as well

as by finding that the CCSA signals for AsIII differed notably in shape and overall

appearance from those obtained for chemically pre-reduced AsV, apparently caused

by the effect of residual reductant.

Finally, again by employing CCSA, one can determine pentavalent arsenic

directly62 by imposition of extremely negative deposition potential (close to

�2 V vs. SCE) where the otherwise almost impossible electrode reduction of

AsV!As0 is initiated, assisted, and propelled—in the right sense of this word—

by the hydrogen bubbles formed during the pre-concentration process.

Concerning the speciation of chromium, one can choose from two fundamental

approaches: (1) definition of the actual valence/redox state with the aid of direct

electrochemical measurement of one of the two oxidation states (either CrVI in

chromates54 or CrIII/Cr3+ (63)) with previous pre-concentration of the respective

form and (2) redox-state specification by separation (via ion exchange, chromatog-

raphy, or micro-extraction), enabling the selective isolation of one particular

chromium species and the subsequent (unspecific) electrochemical determina-

tion.64 From the individual methods, one can quote catalytically assisted adsorptive

stripping voltammetric determination combined with tangential flow filtration65

enabling the speciation of CrIII and CrVI as well as the partitioning of chromium

ions between the dissolved and colloidal forms in river water. Two other examples

manifest the portability of electrochemical instrumentation for the field monitoring

enabling the analysis immediately after sampling, minimising possible contamina-

tion during transport and storage of the samples. Such remote and fully automated

electrochemical analysers were described in the reports of van-den-Berg’s66 and

“Joe” Wang’s67 teams. The former had been employed at a shipboard laboratory,

where the vertical depth profile was analysed with respect to the content of CrIII,

CrVI, and total Cr in a locality in the Mediterranean Sea.
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Last but not least, speciation of mercury represents a global and, for lengthy

decades, challenging problem of environmental analysis. Particular interest attracts

methylmercury species, CH3Hg
+, representing the ultimate product in metabolism

of marine fauna4,6 and also the main reason for a mass poisoning in Japan in the

mid-1950s (the so-called Minamata disease68 having left almost 2,500 victims). As

already mentioned, the typical mercury species are Hg2+, HgII (i.e. non-dissociated

HgCl2 and related HgCl3
�) and CH3Hg

+.6,34,47,49,55 Further details on inorganic,

organic, and organometallic forms of mercury are beyond the scope of this text, but

some examples on the determination of Hg were quoted in the previous chapter (see

Tables 6.3 and 7.1, and references (69–71)).

In many cases, speciation of mercury is made with CMEs, e.g. those based on

modification with silicates that, in general, exhibit strong adsorption capacity

towards inorganic forms of mercury—namely HgCl3
�, HgCl4

2�, and

Hg(OH)3
�—often occurring in aquatic systems.72 Similarly, clay-modified CPEs

could be also used to study the cationic forms of CuII (Cu2+, CuAc+) and the anionic

forms of HgII (HgAc4
2�, HgCl4

2�, HgCl3
�) and AuIII (AuCl4

�), where “Ac” means

acetate.73

7.3.3 Chemical Speciation with the Aid of the DGT

This special approach concerns a relatively new method for metal speciation in the

presence of natural organic ligands and is named diffusive gradients in thin films
(DGT).74–76 Largely based on the transport of substances through a gel, the indi-

vidual forms of metals and their complexes are distributed via their sizes on the gels

with specific porosity, when inorganic species can pass through whereas larger

complexes with organic ligands cannot. After such elimination, an ASV method or

a similar procedure is then applied to determine the corresponding metal forms.

Here, it can be quoted yet that although the DGT method is being co-named “in

situ” because of a direct speciation of metals in natural waters, the real outdoor

operation is sampling only, while the proper electrochemical analysis usually takes

place in laboratories.

7.4 Concluding Remarks

As can be seen in a collection of reviews published since the beginning of the new

millennium,77–82 speciation analysis by means of electrochemical measurements is

now a firmly established area of special environmental analysis capable of pursuing

the newest trends and absorbing almost all progressive achievements.

At present, many methods for electroanalytical speciation involve miniaturised

and portable instrumentation,77,81 electrodes and sensors made by modern printing

and sputtering technologies77,81 in configurations with various nanoparticles,81 or
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utilising in more extent environmentally friendly materials79 when satisfactory

ecological profile can be attributed to the respective procedures themselves.78,80

Thus, it can be concluded that electrochemical measurements employing various

types of traditional as well as new electrodes are fully compatible with the latest

trends and may compete with highly sophisticated instrumental techniques like

ET-AAS, CV-AAS, ICP-MS, CE, or HPLC-NAA. This statement applies pretty

well to chemical speciation, where electrochemical principles belong for lengthy

decades among the most flexible and powerful tool in inorganic environmental

analysis.
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36. Navrátilová Z, Kula P (1993) Modified carbon paste electrodes for the study of metal-humic

substances complexation. Anal Chim Acta 273:305–311

37. Lopez da Silva WT, Thobie-Gautier C, Rezende MOO, El Murr N (2002) Electrochemical

behavior of Cu(II) on carbon paste electrode modified by humic acid, cyclic voltammetry

study. Electroanalysis 14:71–77

38. Wang C, Zhu B, Li H (1999) Theoretical analysis and determination of the heterogeneous

stability constant of copper(II)-humic acids complex at chemically modified carbon paste

electrode. Electroanalysis 11:183–187

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

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

FL, pp 77–116
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51. Markušová K, Kladeková D, Žežula I (1980) Electrochemical behaviour of organotin com-

pounds. Chem Zvesti/Chem Papers (Slovakia) 34:726–739

52. Watson A, Svehla Gy (1975) Polarographic studies on some organic compounds of arsenic.

Part I: arsonic acids and Part II: phenyl arsenoxide analyst 100. pp. 489–502 and 573–583

53. Greschonig H (1997) Electrochemical behaviour and electroanalytical methods for the deter-

mination of arsenic compounds. Sci Pap Univ Pardubice Ser A 3:293–305
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Chapter 8

Nanoparticles-Emerging Contaminants

Emma J.E. Stuart and Richard G. Compton

8.1 Introduction: Nanoparticles in the Environment

and the Need for Monitoring

A nanoparticle is widely considered to be a particle with at least one dimension that

is less than 100 nm as reflected in the IUPAC definition1 that a nanoparticle is a

“microscopic” particle, often restricted to the so-called nanosized particles. The

definition partially overlaps that of colloids which are dispersions in a fluid medium

of particles between 1 nm and 1 μm in size. More usefully the term “nanoparticle”

often implies a particle of sufficiently small size in contrast to bulk media of the

same chemical composition such that one or more of its properties—optical,

electronic, mechanical, . . .—is size dependent.

Environmental nanoparticles primarily originate from natural sources or from

human manufacturing activities. The former includes particles from forest fires or

volcanic emissions and some of those made of humic materials as well as biological

particles such as bacteria and viruses. The incidence of manufactured nanoparticles

reflects the huge growth in the nanotechnology industries in recent years with

continued expansion expected such that the US National Science Foundation pre-

dicts a global $1 trillion market with two million workers in the nanotechnology

area by 20152 with broad and diverse applications in materials science, medicine,

energy, communication and the environment.3 Nanomaterials feature in consumer

products such as electronic components, cosmetics, cigarette filters, antimicrobial

and stain-resistant fabrics,3 more specifically as batteries, skin-care products,

paints, wound dressings, food additives, toothpastes, etc.4 Indeed no less than

ca. 15 % of all global consumer products are estimated to be “nano-enabled”.5

Nanoparticles have also been employed in environmental remediation to improve
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the quality of air, water and soils. The US Environmental Protections Agency

(EPA) allocated $1 billion for environmental remediation in 2009.3,6 As an illus-

tration magnetic iron oxides have been used to remove arsenic from drinking water.

The ions adsorb on the nanoparticle surface and then a magnetic field is used to

separate the complex from the water.7 Gold nanoparticles supported on alumina

have been used to remove inorganic mercury from drinking water8 whilst iron

nanoparticles have been used to remove metals such as Cr(VI), U(IV and VI) and

Co(II).9–11 The latter have also been used to degrade organic pollutants as have

TiO2 nanoparticles.
2

“Incidental nanoparticles” are produced as a side product of anthropogenic

processes such as in automobile exhausts. One interesting but unexpected source

of incidental nanoparticles relates to the discovery12 that silver and copper metallic

nanoparticles are formed spontaneously on the surface of manmade objects (made

of Ag and Cu) that humans have long been in contact with and that macroscale

objects represent a potential source of nanoparticles in the environment.

The most important environmental nanoparticles are carbon nanotubes (CNTs),

fullerenes (such as C60), nanowires, TiO2, ZnO, CeO2, SiO2 (silica), iron oxides,

alumina, hydroxyapatite and metallic nanoparticles such as Fe, Ag and Au.4 World

production of TiO2 is estimated to be in excess of 40,000 tons per annum with most

of the material being nano-sized.13

Because of their size nanoparticles can display significantly changed behaviour

in comparison with the corresponding macroscopic materials. Most notably the

reduced size leads to high surface area-to-volume ratios, high absolute surface areas

and changed electronic properties arising from quantum effects leading to changed

chemical and physical properties such as3 aggregation, electrical conductivity, heat

conduction, catalytic activity, surface chemistry, mechanical strength and

solubility.

An implication of the changed reactivity between the macro- and nanoscale is

that the documentation and understanding of the effects of nanoparticles on human

health as well as on plants and other animals are at a relatively immature stage.

There is evidence that nanoparticles are usually more toxic than larger particles of

the same material.14,15 Origins of some nanotoxicity have been suggested to lie in

the ability of for example Fe nanoparticles to generate radical species, coupling into

the chemistry of reactive oxygen species and the generation of oxidative stress or

removal of antioxidants.16 In other cases the changed physical and chemical

properties from the macroscale can make materials behave quite differently from

the bulk analogs. In some cases positive effects, for example the beneficial role of

CNTs on mustard plant growth, have been documented.17

Given the absolute and increasing scale of production of nanomaterials allied to

their uncertain effects on human health it is important that the presence of

nanoparticles in the environment can be measured and monitored along with their

chemical identification and concentration. The quantification of environmental

nanoparticles represents a significant analytical challenge.13 In the next section

(8.2), we very briefly outline existing non-electrochemical methods before consid-

ering in detail electrochemical alternatives in Sect. 8.3.
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8.2 Non-electrochemical Approaches to the Quantification

of Environmental Nanoparticles and Their Limitations

The application of existing analytical methodology to the quantification of envi-

ronmental nanoparticles has been summarised in an excellent review by Howard13

who identifies the importance of techniques as follows: analyte enrichment (cen-

trifugation, density gradient centrifugation, split-flow thin-cell fractionation); par-

ticle visualisation (scanning electron microscopy (SEM), transmission electron

(TEM) and helium ion microscopy, atomic force microscopy); particle sizing in

nanoparticle suspensions (disc centrifugation, nanoparticle tracking analysis,

dynamic light scattering (DLS), UV-visible and fluorescence) and separation

methods (flow cytometry, disc centrifuge, field-flow fractionation, hydrodynamic

chromatography, size-exclusion chromatography, electrophoresis).

In comparison with the above, electrochemical methods are relatively under-

explored but offer scope for chemical identification, low cost and ease of

portability.

8.3 Electrochemical Approaches to the Quantification

of Nanoparticles

8.3.1 Stripping Voltammetry of Nanoparticles

The simplest approach to the electrochemical (voltammetric) analysis of

nanoparticles is to first separate and isolate the nanoparticles from the sample of

interest and then immobilise them on a suitable substrate electrode and conduct

stripping voltammetric analysis. This approach can be illustrated by the elegant

work of Giovanni and Pumera18 on molybdenum metallic nanoparticle detection

using cyclic and differential pulse voltammetry. They formed Mo nanoparticle-

modified glassy carbon electrodes by depositing a small amount of colloidal

suspension on the surface of a glassy carbon electrode and then letting the solvent

(dimethylformamide) evaporate to dryness. Voltammograms were then recorded in

phosphate buffer of neutral pH and these are shown in Fig. 8.1. Clearly defined

oxidation features are discernible, fingerprinting the nanoparticles as Mo. A similar

approach has been applied by the same group to Ni19 and Ag20 nanoparticles. Such

analyses promise application in bioassays with the possibility that different

nanoparticles can be used to label (tag) different species. For example CdS

nanoparticles can be directly detected electrochemically in much the same way as

Mo21 and have been used to label DNA.22

In the case of Au nanoparticles a more indirect approach was taken.23 First the

Au nanoparticles were physically adsorbed of the surface of a glassy carbon

electrode at open circuit. Subsequently electrochemical oxidation of the colloidal

Au nanoparticles to AuCl4
� in 0.1 M aqueous HCl was carried out. Immediately
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following this step the AuCl4
� formed was detected and quantified via differential

pulse voltammetry.

There are several reports that the electrochemical oxidation of nanoparticles can

be size dependent with both Ag20,24 and Pt nanoparticles studied.25 Ivanova and

Zamborini immobilised different sized citrate-capped Ag nanoparticles ranging in

size from 8 to 50 nm onto an amine-functionalised indium tin oxide (ITO)-coated

glass electrode via electrostatic attachment to the protonated amine group. The

largest diameter particles studied showed an oxidation potential in 0.1 M aqueous

sulphuric acid ca. 100 mV more positive than that of the smallest nanoparticles

studied.

The size dependency of the electrochemical oxidation of metal nanoparticles can

be partially understood in the light of several different considerations.24–30 First,

data deriving from work on small silver clusters, Agn, formed in aqueous solution

via pulse radiolysis coupled with other information such as mass spectroscopic

equilibrium data and Gibbs energies of sublimation of silver has led to the estima-

tion of the standard electrode potential of the redox couple

Agn Æ Agn�1 þ Agþ þ e�

For large values of n the potential approaches that expected for the Ag/Ag+

redox couple (+0.799 V). However at small values of n there is a strong size

dependence27 with a value of �1.8 V calculated for the special case of a single

atom of silver (n¼ 1).26–28 In between these limits the electrode potential varies as

shown in Fig. 8.2 with a strong oscillation in the n¼ 1–3 range—the silver atom

being strongly electron donating whereas the dimer (n¼ 2) is being almost

“noble”27 (�0.1 V) with the trimer again having a very negative value. The ease

of oxidation of Agn as n increases is evident in Fig. 8.2.

Fig. 8.1 (a) Cyclic voltammogram for a glassy carbon electrode modified with 0.25 μg of

molybdenum nanoparticles recorded in 50 mM phosphate buffer (pH 7.4) at a scan rate of

100 mV s�1. (b) Differential pulse voltammetric response for the oxidation of 0.1 μg of molyb-

denum nanoparticles in 50 mM phosphate buffer (pH 7.4). Reprinted from reference (18) with

permission from Elsevier
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For larger clusters approaching nanoparticle dimensions Plieth26 considered

surface Gibbs energies reflecting the fact that metal atoms in the surface of a

small particle are in less energetically favourable positions compared to those in

bulk material. He obtained the following equation for the difference in electrode

potential between the dispersed (colloidal) metal as compared with the bulk

material:

ΔE / � γ
r

where the particles were considered to be spheres of radius r, γ is the surface energy
(J m�2) and the analysis was considered to apply to particles of ca 0.7 nm or larger

in radius (corresponding to 100 atoms or so). Application of the theory required

knowledge of surface energy values and this limited the application of the theory in

real systems. Figure 8.3 however shows the results of some model calculations26

and that significant shifts of redox potential can be seen for particles as large as

10 nm.

Developing from this type of approach Tang and colleagues25 used first principle

electronic structure calculations of the surface energy of Pt nanoparticles to develop

size-dependent potential pH diagrams and to show, supported by experimental

electrochemical scanning tunnelling microscopy, that Pt nanoparticles of diameter

less than ~4 nm dissolve oxidatively via the direct electrochemical dissolution:

Pt ! Pt2þ þ 2e�

whereas larger nanoparticles form oxide layers.

A further consideration pertaining to size-dependent electrochemical oxidation

of metal nanoparticles supported on a conductive electrode surface relates to the

size-dependent concentration profiles of the metal ions produced during oxidation

as they diffuse away from the electrode surface.29–31 In order to identify the effects
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of diffusion on the voltammetric stripping signal from an electrode partially

covered with the nanoparticles (of a uniform size) being stripped, the formal

potential for the oxidation was assumed constant in simulations made to isolate

the effects of diffusion.29–31 Under these conditions theory predicts that for elec-

trochemically irreversible kinetics (slow electron transfer requiring an

overpotential) the peak potential will be independent of the metal coverage but

will shift to more negative potentials as the nanoparticle radius shrinks in size. If a

range of nanoparticle sizes is present then this is reflected by the broadening of the

stripping peak as observed experimentally for Bi nanoparticles being stripped from

the surface of a boron-doped diamond electrode.31

In contrast for an electrochemically reversible stripping process it is predicted,

again assuming no influence of particle size on the standard electrode potential of

the stripping process, that assuming the diffusion layers surrounding each nanopar-

ticle overlap so as to produce overall planar diffusion of the stripped ions away from

the electrode, the peak potential will depend on the total metal coverage but not the

nanoparticle size. In the opposite limit, where the diffusion layers do not overlap

particle size effects are predicted. Experiments reported30 for the electrochemically

reversible stripping of silver nanoparticles supported on a basal plane pyrolytic

graphite electrode showed the expected dependence on the metal loading but not

the particle size.
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In summary, stripping voltammetry can be used to identify the presence of

oxidisable nanoparticles, thus allowing fingerprinting and, with suitable calibration,

their quantification although care is required in the interpretation of the peak

potential with sensitivity to particle size and possible loadings.

8.3.2 Nanoparticle: Electrode Impacts

An alternative and at least in principle much simpler and easier electrochemical

approach to that of the previous section, in which nanoparticles are sequentially

isolated, immobilised on an electrode and then analysed via stripping voltammetry,

is the direct study of the nanoparticles suspended in a solution phase into which an

electrode under potentiostatic control is introduced. The movement of the

nanoparticles in the solution is expected to approximate to Brownian which from

time to time will bring the nanoparticles close to or in physical contact with the

electrode to which they can either stick or rebound, unless the electrode is held at a

potential corresponding to the oxidation or reduction of the nanoparticles or at least

the surface of the nanoparticles. In the latter case, the nanoparticle impacts on the

electrode are revealed by a pulse of current, as shown schematically in Fig. 8.4.

These spikes can be used to identify (“fingerprint”) the nanoparticles (by virtue of

their “onset potentials”), measure their concentrations and to size them as discussed

in more detail below. This type of measurement is currently subject to significant

levels of interest (see reference (32) for an early review).

The original work in the area was carried out by Heyrovský and colleagues33–36

using mercury electrodes to electro-reduce particles of metal oxides. They examined

the voltammetry of polydisperse “colloidal” solutions of the oxides SnO2, TiO2 and

Fe2O3 in aqueous solution. The voltammograms measured reflected the summation

of the contribution of groups of particles of different sizes and they were able36 to

Fig. 8.4 Schematic diagram of (a) the spike observed in the current-time transient when a silver

nanoparticle collides with a potentiostated electrode and is oxidatively destroyed (b)

8 Nanoparticles-Emerging Contaminants 861



voltammetrically determine the approximate composition of Fe(III)-doped TiO2

colloids. The work was subsequently extended, again exclusively with mercury

electrodes, to the reduction of oxide layers on the surfaces of “metal powders” (Cu,

Fe, Ni, Mo, W),37 on copper/copper oxide “ultrafine powders”38 and finally on

aluminium “nanoparticles”.39 In 35 the authors report the reduction of protons in

acid solutions occurring on the surface of TiO2 particles for the duration of their

impacts with the electrode surface. This experiment is the forerunner of the “indirect

processes” now studied more widely (see below and Fig. 8.5).

Innovative experiments were carried out by Scholz40 in which the range of

impact experiments were usefully extended to study the collisions of liposomes

with a mercury electrode in aqueous solution at pH 7. Sharp current transients, of

ca. 1–20 ms duration, were seen as the liposomes contacted, broke up and then

spread over the electrode surface. However, unlike the experiments of Heyrovský,

the current spikes were deduced to be non-faradaic in character with capacitative

origins: the frequency of the transient signals was found to be a minimum at the

potential of zero charge, pzc, and to increase with potentials negative or positive of

the pzc. In subsequent work the kinetics of liposome adhesion were explored and

also the impact of montmorillonite clay particles on a mercury electrode was

studied.41,42

Related experiments were carried out by present authors’ group using suspen-

sions of oil droplets and solid particles in aqueous solutions induced into motion by

power ultrasound and allowed to impact solid electrodes (Au, Pt).43–46 Current

transients of microsecond duration were seen corresponding to the much faster

speed of the impacting particles as compared to those in the Scholz experiments,

leading to a greatly reduced contact time between particle and electrode. The

amount of charge passed in the impact transients scaled with the size and conduc-

tivity of the impacting particle and the sign of the current transient inverted at the

pzc of the substrate electrode as shown in Fig. 8.6. Charge transfer between the

particle and the electrode and/or the deformed double layer and the electrode was

inferred but at the microsecond timescales resulting from insonation it was con-

cluded that faradaic charge transfer was not operative and experiments using large

insonated metal particles confirmed no such activity.

A significant advance was made in which similar experiments were performed

using silver nanoparticles, Agn, but without insonation, rather using natural Brownian

Fig. 8.5 The indirect

nanoimpact process studied

by Heyrovský et al. in

reference (35) where

protons are reduced on the

surface of impacting TiO2

particles.(32) Adapted by

permission of The Royal

Society of Chemistry
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motion to give rise to the impact with an electrode surface.47,48 Using a carbon

electrode it was found that sharp current spikes of ca. 1–10 ms durations were seen

(Fig. 8.7) when the electrode was potentiostatted at a value more positive than that

required for the process in which the nanoparticles were oxidised to aqueous silver

cations:

Agn � ne� ! nAgþ aqð Þ

The onset potential for the observation of the spikes corresponded closely to the

peak potential recorded if the same Ag nanoparticles were immobilised on a glassy

carbon electrode (as in Sect. 8.3.1 above) and subjected to anodic stripping analysis

(Fig. 8.7b). Furthermore, in the former experiments the frequency of the measured

Fig. 8.6 Current spikes

observed for graphite

powder (diameter 2–20 μm)

impacting a gold microdisc

electrode under sonication

in 0.1 M perchloric acid.

Reprinted with permission

from reference (45).

Copyright 2004 American

Chemical Society

Fig. 8.7 (a) Impact spikes observed when silver nanoparticles are directly oxidised upon collision

with a potentiostated carbon microelectrode surface in 10 mM citrate/90 mM KCl. (b) Stripping

voltammogram for a silver nanoparticle-modified glassy carbon electrode in 10 mM citrate/90 mM

KCl (left axis) overlaid with the observed frequency of nano-impacts (right axis) at a carbon

microelectrode in the same solution at varying potentials. Reproduced from reference (47).

Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhem
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impacts scaled with the nanoparticle concentration in solution. Analogous experi-

ments were conducted for the electro-oxidation of diverse other metal

nanoparticles: gold,49 copper50 and nickel.51,52 The different onset potential for

the appearance of the oxidative spikes allowed mixtures of nanoparticles to be

analysed, for example, mixtures of silver and nickel nanoparticles53 as shown in

Fig. 8.8.

It is evident that such experiments can provide information about the chemical

identity of the impacting nanoparticles by virtue of the onset potential for the

appearance of oxidative spikes. However it was additionally discovered that the

oxidation of the nanoparticles is quantitative, so that all of the atoms in a particle

become oxidised on impact even for a large nanoparticle of 100 nm in diameter.47,48

This was understood in terms of a model54 explicitly invoking Brownian motion

interpreting the observed millisecond timescale current “spikes” as each resulting

from a cluster of very rapidly consecutive encounters of the nanoparticle with the

electrode, in each of which partial oxidation of the nanoparticle takes place, but

such as to bring about the overall complete oxidation of the nanoparticle. Calcula-

tions suggested that it was unlikely that partially oxidised nanoparticles would

survive on the observed millisecond timescale. It follows that the charge passed

during the current spikes was directly and quantitatively linked with the number of

atoms in the nanoparticles (Faraday’s first law of electrolysis!) and hence with the

nanoparticle size. Figure 8.9 shows the size distribution for nickel nanoparticles

determined via oxidative electrode impacts (“anodic particle coulometry”, APC)

and that measured from SEM53 where the nanoparticle radius has been inferred

from the charge passed under the spikes on the assumption that the particle is

spherical. Excellent and quantitative agreement is apparent.
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The nickel nanoparticles used in the experiments53 to generate Fig. 8.9 did not

undergo any significant aggregation on the timescale of the voltammetric measure-

ments. This is in contrast to silver and gold nanoparticles where it was found that

the electrochemical measurements revealed the presence of aggregation in solu-

tion.48,49 Figure 8.10 shows the atom counting and sizing for gold nanoparticles

measured in 0.1 M aqueous HCl solution. The nanoparticles were sized as 20 nm in

diameter via SEM; the electrochemistry shows the presence of some single

nanoparticles (radius 10.5� 0.5 nm) as well as clusters of two or more

nanoparticles,49 thus revealing the occurrence of aggregation of the nanoparticles

in aqueous solution. Similar observations were made for silver nanoparticles.48

Thus APC allows not only particle sizing (number of atoms, radius of the nanopar-

ticle if assumed spherical) but also, in principle, the extent and rate of nanoparticle

aggregation in real time.

A detailed study was performed to investigate the capabilities of APC for

nanoparticle agglomeration studies.55 Agglomeration of silver nanoparticles in a

citrate/potassium chloride solution was monitored by sizing the nanoparticles, in

terms of the number of atoms contained in each silver nanoparticle, using APC. The

analysis performed on the APC data took into consideration the link between the

underlying normal distribution of a silver nanoparticle monomer and its agglomer-

ates, ensuring that no physical meaning was lost during data fitting. In addition,

nanoparticle tracking analysis (NTA), a commercially available nanoparticle-sizing

device, was used to provide a critical comparison of the nanoparticle sizing results

gained via APC.

As shown in Fig. 8.11, an excellent agreement was achieved between the two

sizing techniques; moreover the electrochemical sizing technique was found to

present a number of advantages over NTA, which can suffer from drawbacks

commonly associated with optical sizing techniques such as the inability to measure

the agglomeration state of non-spherical nanoparticles without performing a

Fig. 8.9 (a) Size distribution for nickel nanoparticles determined via anodic particle coulometry

(open circle) overlaid with a distribution for the same nanoparticles determined using SEM ( filled
square). A radius (r) of approximately 26 nm is inferred. (b) Size distribution for nickel

nanoparticles in terms of the number of atoms making up each nanoparticle colliding with the

electrode surface.53 Reproduced by permission of The Royal Society of Chemistry
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correction as well as having limited application to nanoparticles contained in

non-transparent solutions. A further study performed by our group found that it is

possible to successfully achieve a slower rate of silver nanoparticle agglomeration/

aggregation for a range of different sized particles when a high concentration of

trisodium citrate is selected as the electrolyte thanks to its nanoparticle-stabilising

properties.56

With the APC method having been shown to be effective for the detection and

sizing of a variety of metal nanoparticles, an obvious progression of this work and

the earlier work performed by Heyrovský33–36 was to test the application of

cathodic particle coulometry (CPC) for the detection of metal oxides. Fe3O4

nanoparticles were detected and sized using CPC with SEM employed to confirm

the accuracy of this electrochemical sizing method.57 Furthermore, it was discov-

ered that using both CPC and APC in conjunction with one another (Fig. 8.12)

Fig. 8.10 Size distribution

for APC measurements of

gold nanoparticles

expressed as (a) radius

(r) and (b) the number of

atoms in an impacting

nanoparticle.49 Reproduced

by permission of The Royal

Society of Chemistry
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Fig. 8.11 Distribution of silver nanoparticle size in 10 mM citrate/90 mM KCl detected by (a)

APC and (b) NTA. The individual Gaussian distributions for nanoparticle monomers ( filled
square), dimers (open square), trimers ( filled circle), tetramers (open circle), pentamers ( filled
triangle) and hexamers (open triangle) are overlaid to achieve the overall data fit (continuous line).
Reproduced from reference (55). Copyright © 2013. The Authors. ChemistryOpen published by

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. This is an open-access article under the

terms of the Creative Commons Attribution Non-Commercial License, which permits use, distri-

bution and reproduction in any medium, provided the original work is properly cited and is not

used for commercial purposes
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provides a suitably accurate and thorough nanoparticle characterisation method,

rendering the use of optical techniques for verification of these electrochemical

sizing methods redundant.

One type of nanoparticles that are particularly difficult to size using currently

available techniques is organic nanoparticles. Experiments were conducted to

investigate the suitability of CPC as an alternative to existing techniques

(e.g. SEM, TEM, DLS, ultracentrifugation) used for organic nanoparticle sizing,

with indigo nanoparticles used as a model system.58 Figure 8.13 shows the size

distribution gained for the electro-reduction of indigo nanoparticles via CPC in

comparison with the size analysis of the same batch of nanoparticles determined

using DLS. It can be seen that the resulting size distributions from both techniques

are in excellent agreement, with a mean diameter of the indigo nanoparticles

investigated being 68 nm.

The viability of the impact approach has been demonstrated in authentic seawa-

ter media. Figure 8.14a shows oxidative current-time transients of citrate-capped

silver nanoparticles (13� 2 nm in radius) dispersed in seawater measured at a

carbon microelectrode of radius ca. 6 μm59 whilst Fig. 8.14b shows the size

distribution of the nanoparticles in terms of the number of atoms making up each

nanoparticle inferred from the charge passed during transients such as those in

Fig. 8.14a. From the independently measured average nanoparticle size of 13 nm

radius it can be estimated that a single silver nanoparticle of this size contains

ca. 5.4� 105 atoms. It is evident from Fig. 8.14 that the nanoparticles must be

extensively aggregated in the seawater (on the timescale studied which was

ca. 40 min from the addition of the nanoparticles); deconvolution of the distribution

Fig. 8.13 Overlaid distributions for indigo nanoparticle sizing measured via CPC ( filled circle)
and DLS ( filled square). Reproduced from reference (58). Copyright © 2013 WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim
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in Fig. 8.14b suggested significant contributions from not only single nanoparticles

but also aggregates of 2, 3, 4 and 5 nanoparticles corresponding to 1.08� 106,

1.62� 106, 2.16� 106 and 2.70� 106 atoms, respectively.

The types of nanoparticles used for APC/CPC experiments have either been

synthesised in-house (Ag, Au) or purchased directly from chemical companies (Cu,

Fe3O4). With the number of nanoparticle-based products available to purchase on

the market increasing, it is typically the nanoparticles contained in these products

that are leaching into the environment and posing a risk to the ecosystem. There-

fore, it is these nanoparticles in consumer goods for which the need for effective

detection and characterisation techniques suitable for use in the field is great. As a

result, one such product, a colloidal silver disinfectant spray, was selected to

determine if the nanoparticles contained within it could be studied using APC.60

It was found that APC was effective at successfully detecting and sizing the silver

nanoparticles contained in the disinfectant spray in both a standard electrolyte

solution (radiusNP¼ 11 nm) and seawater (radiusNP¼ 10.3 nm). Figure 8.15

shows the size distributions achieved via APC and NTA methods and the excellent

agreement between the two for both solutions in which the nanoparticles were

dispersed.

In addition to particle identification and sizing, the impact method can also be

used to measure the concentration of nanoparticles in solution. This is best done by

measuring oxidative impacts at a micro-disc electrode, typically made of carbon.

The current (I)-time transient at such an electrode following the application of a

potential sufficient to oxidise species under diffusion control in an n-electron

process is

I ¼ 4nFCDref τð Þ

where F is the Faraday constant, C is the bulk concentration of the electroactive

species, D is the diffusion coefficient of the latter and f(τ) is a dimensionless time.
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The latter is defined by τ¼ 4Dt/re
2 where re is the microdisc radius and t is time.

This expression is very well established for molecular species where the form of

f(τ) has been given by Shoup and Szabo61 where at short times the flux to the

electrode surface is linear and a Cottrellian transient behaviour is seen where

I α Cre
2(D/t)1/2 whilst for longer times, where convergent diffusion is established,

f! 1 so that I α CreD. The implication of the differing dependences on D in the

limiting forms is that if measurements are made to span the timescales of both linear

and convergent diffusion then fitting of the transient allows the separate determi-

nation of the terms (nC) and D. In the molecular context, it follows that if one of

n or C is known then both the unknown parameter (n or C) and D can be found via

the measurement of a potential step chronoamperometric transient. The power of

this approach is well documented allowing, in effect, coulometry (the measurement

of n) on the voltammetric timescale without the need for exhaustive electrolysis as

pertains at macro-sized electrodes.62

In the context of nano-impact data such as that in Fig. 8.7a it is best expressed as a

plot of the cumulative number of impacts as a function of time. This can then be

compared with an integrated form of the Shoup-Szabo expression.53 Fitting the latter

to the former so as to determine C, the unknown concentration of nanoparticles,

requires a knowledge of re (which can be found by independent electrochemical

calibration) and D, the nanoparticle diffusion coefficient. Given the large size of the

nanoparticles the latter can be reliably calculated from the Stokes-Einstein equation

D ¼ kBT

6πηrnp

where rnp is the radius of the nanoparticle, kB is the Boltzmann constant and η is the

solvent viscosity. Note that this approach is inappropriate for molecules because they

are too small to reliably use the Stokes-Einstein equation. In the case of nanoparticles,

rnp can be reliably determined from the APC experiment as noted above.

Fig. 8.15 Size distributions for the radius (R) of silver nanoparticles contained in a commercially

available disinfectant cleaning spray determined via NTA (open circle) and APC ( filled circle) in
(a) 0.1 M NaClO4 and (b) authentic seawater media. Reproduced from reference (60)
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Figure 8.16 shows data for the cumulative number of impacts versus time

obtained for three different samples of Ni nanoparticles of known concentra-

tions—28� 4, 54� 8 and 77� 11 pM. The theoretical lines shown in the figure

arise from the best fit of the integrated form of the Shoup and Szabo flux equation

with the nanoparticle diffusion coefficient estimated by the Stokes-Einstein equa-

tion using the APC-determined value of rnp. The best fit concentration values were

30, 60 and 80 pM in excellent agreement with the known values, thus validating the

use of nano-impacts as a means of measuring nanoparticle concentrations. The

method was extended to systems in which aggregation was present.53

The above suggests the following general strategy for both sizing and measuring

the unknown concentration of nanoparticles in a single experiment. First current–

time transients are recorded—such as those in Fig. 8.7a)—and the data analysed

first to give the average charge per “spike”. The latter can, in the absence of

aggregation, then be converted into a nanoparticle radius assuming that the

nanoparticles are approximately spherical. With a knowledge of rnp, an estimate

of the nanoparticle diffusion coefficient can be made from the Stokes-Einstein

equation. The original data can then be converted into a plot of the cumulative

number of impacts as a function of time and fitted using the integrated Shoup-Szabo

equation and the estimated diffusion coefficient to give the sought unknown

concentration. By way of caveat, it might be noted that this approach is approximate

in the sense that it assumes that the nanoparticle diffusion coefficient is equivalent

to that in the bulk solution at all points adjacent to the electrode. In practice,

nanoparticles suffer “hindered diffusion” near solid surfaces,63,64 with the local

diffusion coefficient reduced below its bulk value; however this has been shown to

have a relatively negligible effect on the analysis suggested.65

Fig. 8.16 Fitting the accumulative number of spikes as a function of time with an integrated form of

the Shoup-Szabo expression for a nanoimpact experiment using varying concentrations of nickel

nanoparticles, ( filled square) 28 pM, (open circle) 54 pM and ( filled triangle) 77 pM, in 10 mM

HClO4 and 100 mM NaClO4.
53 Reproduced by permission of The Royal Society of Chemistry
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The above impact experiments involve the exhaustive electro-oxidation of metal

nanoparticles. An alternative non-destructive method for nanoparticle identification

and sizing has been proposed66,67 in which the surface of metal nanoparticles such

as silver or gold is “tagged” by the adsorptive attachment of redox active molecules

onto the surfaces of the nanoparticles. The tagged nanoparticles are allowed to

impact an electrode surface just as in APC except that now the electrode potential is

held at a value such as to reduce or oxidise the tag. Typical tags might contain

nitrophenyl66 or ferrocenyl groups which, respectively, undergo reduction or oxi-

dation in aqueous media. Thiol groups can be used to anchor the tags on silver or

gold nanoparticle surfaces. In the case where a full monolayer of tag covers the

nanoparticle surfaces then the average charge passed under the “spikes” measured

in an impact experiment provides information about the average surface area of the

nanoparticles and hence, under the assumption that the particles are spherical, an

indication of the nanoparticle size (radius). Radii inferred via this approach were in

excellent agreement with those obtained for the same nanoparticles using APC.67

In the nano-impact experiments discussed to date the electron transfer to or from

the nanoparticles is a direct transfer. It is worth noting that, building on

Heyrovský’s35 observations of proton reduction on the surface of TiO2 nanoparticles

impacting mercury electrodes, considerable progress has been made on the study of

“indirect” electron transfers. Figure 8.17 schematically shows the concept underlying

this experiment. As before Brownian motion of nanoparticles brings them into

contact with an electrode under potentiostatic control. Whilst a nanoparticle is in

contact, usually for a period of 1–10ms, it adopts the potential of the electrode so that

if redox active molecules are present in solution they can undergo electrolysis on the

surface of the nanoparticle. If the nanoparticle-electrode combination is carefully

selected then at some potential values electrolysis can be exclusively confined to the

nanoparticles. For the case of silver nanoparticles suspended in aqueous acid solution

impacting a carbon electrode,68 the reduction of protons on the impacting silver

nanoparticles can be seen as current “spikes” at potentials less cathodic than needed

for their reduction on the underlying carbon electrode.

Fig. 8.17 (a) Schematic of an indirect process involving a redox reaction occurring on the surface

of the nanoparticle when it is in contact with the electrode. (b) Upon impact convergent diffusion

to the nanoparticle occurs almost instantaneously meaning a steady-state current is established for

the electrocatalytic reaction occurring on the nanoparticle surface. Reprinted from reference (68)

with permission from Elsevier
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The analysis of the potential dependence of the current spikes allows for the

deduction of electron transfer kinetics of redox couples at single nanoparticles via

appropriate modelling51,68,69 treating the impacted nanoparticle as a sphere on a flat

surface, and recognising that the time needed to set up steady-state electrolysis at

the nanoparticle surface is tiny compared to the duration of the impacts so that the

nanoparticle-confined electrolysis can be accurately treated as being at steady state.

It should however be recognised that some nanoparticles can “stick” to the elec-

trode surface which thus gradually changes its chemical (and electrochemical

nature) over the course of time; values for the sticking probabilities have been

measured.70,71 Other chemical examples of these indirect processes are given by

Bard in a review of his group’s work in the area.72 In the case of electrochemically

irreversible processes the potentials needed to see the process taking place on the

nanoparticles can be shifted to significantly higher potentials than required on

macro-electrodes made of the corresponding material because of the much

enhanced diffusional mass transport at the nanoscale, leading to a greater

overpotential for the redox reaction of interest.68

Similar considerations, most notably treating the transport to an impacted sphere

as being at steady state, also allow the modelling of the APC type of impact

experiment where the nanoparticle is exhaustively oxidised and in particular the

prediction of the onset potential for the appearance of current “spikes”. Different

behaviour is predicted for fast or slow (electrochemically reversible or irreversible)

charge transfer kinetics.50,52 Copper50 and nickel52 nanoparticles showed slow

electron transfer kinetics whereas silver nanoparticles showed reversible kinetics.52

The latter observation explains the fact that the onset potential for the appearance of

oxidation “spikes” for the silver nanoparticles approximately matches the peak

potential in the stripping voltammetry when the same particles are immobilised on

an electrode.

8.3.3 Nanoparticle Detection at “Sticky” Surfaces

For the application of the nanoparticle-electrode impact methods described in

Sect. 8.3.2 to environmental monitoring one major drawback is that the environ-

mental samples to be tested would have to be isolated and transported to a

laboratory before the nanoparticles within the selected sample can be detected via

APC/CPC. Here, the user would run the risk of the nanoparticles within the sample

changing (e.g. aggregating) before analysis can be performed. Therefore, an in situ

nanoparticle detection method is desirable for this type of field work. One such

method is to immobilise nanoparticles in solution on an electrode surface under

open-circuit conditions before oxidatively stripping off the nanoparticles using

anodic stripping voltammetry to reveal the amount of nanoparticles that have

adhered to the surface and therefore providing information on the concentration

of nanoparticles in solution.73 Again, the potential of the stripping peak can be used

to identify the type of nanoparticles present.
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It is possible to increase the adhesion extent and rate of nanoparticle adsorption on

the electrode surface by modifying the surface so that it becomes “sticky”. The

electrochemical modification of a glassy carbon electrode surface with cysteine

was found to increase the ability of silver nanoparticles in 0.1 M NaClO4 to stick

onto the surface of the electrode, with larger stripping peaks observed at much shorter

times in comparison to sticking experiments at an unmodified substrate.73 Figure 8.18

shows how the same cysteine “sticky” electrodes were found to be suitable for the

detection of silver nanoparticles contained in a commercially available colloidal

silver disinfectant spray using disposable carbon electrodes immersed in authentic

seawater media.74

8.4 Outlook

The study of nanoparticles is in its infancy and that is especially the case for the

electrochemistry of these environmentally important species, where measurements

can be expected to reveal important information about the redox behaviour of

nanoparticles as well as provide analytical methods for their characterisation.

That said, to date, voltammetric methods have been developed for the identification

of nanoparticles as well as offering the possibility for sizing them, monitoring their

aggregation in real time and measuring their concentrations. Already electrochem-

ical methods are providing significant insights into the behaviour of naturally

occurring environmental nanoparticles75–79 and an explosion of growth in this

area and related areas is to be expected in the near future.

Fig. 8.18 (a) Anodic stripping voltammograms for the oxidation of silver nanoparticles contained

in a commercially available colloidal silver spray cleaning product that had become adhered to a

screen-printed carbon electrode in authentic seawater media after 0 min (black line), 15 min (green

line), 30 min (pink line), 45 min (blue line) and 60 min (red line). (b) A plot of the stripping charge

for the silver nanoparticle stripping peaks vs. time. Reproduced from reference (74)
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Part III

Sensors and Biosensors for Organic
Compounds of Environmental Importance



Chapter 9

Pharmaceuticals and Personal Care Products

Lúcio Angnes

9.1 Introduction

9.1.1 A Brief Chronology

When the industrial revolution started, there was a consensus that rivers, lakes, and

mainly the oceans were able to absorb and transform entirely the pollution produced

by the humans. In the next century, particularly after the Second World War, an

impressive “turnover” in the human population-growing factor was observed. The

main reasons for this huge expansion of the population were the exponential

production of foods, which passed from manual to mechanized process and the

development of important drugs, in special the antibiotics, penicillin being the most

representative example. The mechanization in the agriculture reduced significantly

the needs of labor force in the cultivated lands, oppositely to the requests of the

modern industry. This reality brings about a strong emigration of peoples from the

field to the cities. Besides a rapid and non-organized growing of the population, the

modern industrial processes pass to demand quantities of water never before

utilized and consequently leave behind ever-growing amounts of wastewater.

Until the middle of the twentieth century, there was no conscience about the

potential problems related to any inorganic or organic compound wasted in soil,

rivers, lakes, and oceans or even in the atmosphere. Probably the Minamata disaster

was the starting point of concern about the effects of pollution. In the following

years, the conscience of the Americans was waked up for DDT problems. In

sequence, peoples realized that the capacity of our rivers, lakes, oceans, soil, and

atmosphere to accept all kinds of pollutants is finite and started to look with more

care for all aspects involving our environment.
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In the following years, with the evolution of the analytical instrumentation, the

limits of detection were lowered tremendously and in consequence the number of

compounds monitored in water grew remarkably. Many “new” compounds are now

referred as “emerging compounds”; once among these new analytes, pharmaceuti-

cal and products of personal care started to be monitored in waters with increasing

frequency in the last years.

A search in the Web of Sciences presents some interesting aspect. Using the

words emerging contaminants, a total of 1,836 papers were found (May 30, 2013),

this designation being utilized for the first time in 1990. Between this year and the

end of 2012, there are 1,712 papers. Making the same search putting “emerging

contaminants” between quotation marks, a total of 564 papers were found till the

end of 2012, being the first from 2001. Figure 9.1 depicts both series of data and

demonstrates the exponential growing of research on the topic in question.

9.1.2 What Are and Why Study Emerging Compounds?

There is not a clear definition but, in principle, almost all the species synthesized for

applications in the modern life can be classified as emerging compounds. All these

compounds represent a potential risk for the environment, especially considering its

extraordinary diversity. Nowadays, about three million synthetic compounds are

known and this number is still growing at an accelerated rate and about 100,000 of

these compounds are produced regularly for the most diverse applications, equiv-

alent to 200 million tons per year. From this impressive amount, 20–30 % are

estimated that attain the aquatic environment and we know almost nothing about

the effects of these compounds individually or in association with other compounds

on the environment. There are aspects as embryonary defects, DNA damage,

cancer, or even fish sex exchange attributed to different emerging compounds.

We need to understand exactly the sources of these compounds, their reactivity,

distribution, lifetime, secondary products, and even environmental problems

unrevealed until now, involving, short-, medium-, or long-term processes.

Fig. 9.1 Number of

research publications per

year using “emerging

contaminants” with ( ) and

without quotation marks ( )

using the Web of Science

database
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9.1.3 Scope of This Chapter

Emerging contaminants is a theme extremely ample and in this chapter we are

restricted to pharmaceuticals and personal care products in water. Even restricting

to these two issues, the subject of this chapter remains complex and difficult to

cover in details. In this sense, this chapter is limited to discuss the development of

voltammetric methods focused in the quantification of pharmaceuticals and per-

sonal care products.

9.2 Overview

Pharmaceuticals and personal care products are used for many centuries but their

monitoring and the evaluation of their effects on the environment and on humans is

still a relatively new subject. Until the starting of the 1990s, the main attention was

focused on the heavy metals and the persistent organic pollutants. In the industri-

alized countries, this problem decreased significantly due to the strong control of

the pollution sources. At this time, many scientists realized that there are a myriad

of man-made chemicals, utilized in the industry, agriculture, and also pharmaceu-

ticals and personal care products that are still unregulated and potentially can

produce adverse effects on the environment and on the humans.

Only in the pharmaceutical area, there are more than 3,000 pharmaceutically

active compounds (analgesics, anti-inflammatory drugs, antibiotics and antihista-

mines, β-blockers, lipid regulators, contraceptives, antidiabetics, antipsychotics,

estrogens, antidepressants, anticonvulsionants, antiepileptics, stimulants, impo-

tence drugs, etc.) that are used in human medicine. The main part of these

pharmaceuticals is excreted in urine and feces and attains the aquatic environment

water via wastewater and the effects of all these products alone or in combination

are still not well known. In association with the pharmaceuticals, personal care

products are normally studied and the acronym PPCP was coined and adopted by

many authors.1

Books,1,2 reports,3–5 and reviews6–11 dealing with different aspects of emerging

contaminants discuss their potential sources, the complexity of their removal, and

the importance of significantly increasing research efforts related to these issues.

The majority of the researchers that are working in this area utilize

pre-concentration processes associated with separation techniques, such as solid-

phase extraction-liquid chromatography–electrospray-tandem mass spectrometry

(SPE-LC-ESI-MS/MS),12 ultraperformance liquid chromatography-mass spec-

trometry (UPLC-MS/MS),13 liquid chromatography coupled to fluorescence detec-

tion14 or combining gas chromatography/mass spectrometry (GC/MS), and liquid

chromatography/quadrupole time-of-flight mass spectrometry (LC-QTOF-MS)15

among other alternatives. Even so, some authors demonstrate that mass
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spectroscopy needs also many improvements, once the databases and libraries

presently available have mostly been developed for the metabolomic field.16

Even taking into account that the techniques mentioned above produce very

reliable data, Greenwood and col.17 detach that the infrequent spot (bottle) sam-

pling is unlikely to fulfill the developing needs. Representative sampling is a key

requisite to generate precise information about water quality and the authors detach

that a range of alternative tools are emerging and even considering the fact that

these ones do not have the same low level of uncertainly, they can provide more

representative data, often at lower cost. The electroanalytical technique is one of the

most promising possibilities, until now not adequately explored.

9.3 Voltammetric Analysis

Electroanalytical techniques are well established and their applications are rapidly

growing, spreading to the most different fields, among them the pharmaceutical

area. The extraordinary advances obtained with the modern instruments and tech-

niques turned electroanalysis more sensitive, rapid, and also more selective to solve

many analytical problems. For the quantification of pharmaceutical and personal

care products (PPCP), the literature presents many research articles describing the

use of different voltammetric techniques, mainly focusing the quantification of

products in their unprocessed form or in the final commercial form, or quantifying

pharmaceuticals and/or their metabolites in human body fluids, but until now there

are only few studies focusing on the analysis of these compounds in surface water,

groundwater, wastewater, or drinking water. Many of these studies present very

good sensitivity and have potential to be employed in the analysis of these com-

pounds in aqueous matrix. In the following sections we discuss the (relatively small

number of) studies involving the determination of PPCP in water, as also selected

examples, demonstrating the applicability of the electroanalytical techniques for

the analysis for this purpose.

In the literature, a series of good reviews about the use of electroanalytical

methods for determination of pharmaceuticals,18 the utilization of chemical-

modified electrodes,19 or even focusing on the utilization of voltammetric tech-

niques in association with flow injection analysis20 demonstrate the great potenti-

alities of the use of electroanalysis for quantification of low levels of

pharmaceutical compounds. In the following sections, these aspects are addressed

and selected examples are presented. A classification based on the electrode

materials was chosen for giving the lecturer an outlook of the developments in

the area.
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9.3.1 Mercury Electrodes

Mercury electrodes were determinant for the development in the early days of

electroanalytical techniques. Starting by polarography developed by Heyrovsky in

1922, mercury electrodes were fundamental for the development of many electro-

analytical methods. The elevated purity attainable for metallic mercury, the excel-

lent overpotential for hydrogen reduction, and the fact that the electrode is

renewable turn this electrode very attractive for the analysis of pharmaceutical

compounds. The first paper was published in 1948.21 In the following years the

number of articles that appeared was relatively small, but with the evolution of the

instrumentation and especially with the advent of the hanging mercury drop

electrode (HMDE), the applications utilizing mercury electrodes associated to

adsorptive processes spread out and the number of studies grew significantly.

Adsorptive processes on mercury electrodes are very favorable techniques for

the quantification of low concentrations of a series of organics, among them

pharmaceutical compounds. The perfectly smooth surface of mercury associated

with the very reproducible electrode area turns HMDE the electrode of choice for

adsorptive processes, with the peculiar advantage of be completely renewable just

by the opening (and closing) of the mercury flow.

Using HMDE, the analysis of triamcinolone acetonide (TAA) was performed by

square-wave voltammetry (SWV) and a detection limit of 3.0� 10�10 mol L�1 was

attained.22 The method was successfully applied for the analysis of TAA in tablets

and in serum, without pretreatment of the samples. The quantification of haloper-

idol was performed under controlled adsorptive accumulation onto HMDE and was

applied in low concentrations of the bulk form to pharmaceutical formulations and

human fluids. A limit of quantification (LOQ) of 3.83� 10�10 mol L�1 was

calculated by the authors.23 In another study of the same research group,

ethinylestradiol was investigated and a detection limit of 5.9� 10�10 mol L�1

was reported.24 The analysis of cefoperazone in pharmaceutical formulations and

in human plasma was carried by pre-concentration followed by SWV onto an

HMDE, attaining a detection limit of 4.5� 10�10 mol L�1.25 The analysis of the

antifungal antibiotic griseofulvin, used for treatment of phatogenic mycotic dis-

eases, was performed by adsorptive stripping analysis using HMDE and a limit of

quantification of 5.8� 10�10 mol L�1 was reported.26 In another study, the same

author developed methodology for gatifloxacin analysis, attaining detection limits

of 1.5� 10�9 and 2.2� 10�9 mol L�1 in the bulk form and in human serum,

respectively.27 The analysis of tobramycin, a broad-spectrum antibiotic against

Gram-positive bacteria, was performed utilizing linear sweep voltammetry and a

limit of quantification of 3.44� 10�9 mol L�1 was attained.28 In a study focused on

the quality control of tinidazole, a drug utilized for treatment of trichomonas

infection, methodology for quantification of this drug was developed and applied

for tablets and also in biological fluids and the detection limit attained was

4.5� 10�10 mol L�1. In this study, it was observed that the addition of CTAB

increases significantly the voltammetric signal of tinidazole.29 The association of
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ASV and square-wave voltammetry for the analysis of rosiglitazone was explored

in human urine and plasma samples. The detection limit attained for this drug was

3.2� 10�11 mol L�1 using only 120 s of pre-concentration.30 Our search indicates

that presently there are studies on HMDE for the quantification of insecticides and

metals in wastewater, groundwater, superficial water, and drinking water, but any

study involving real samples.

9.3.2 Other Metallic Electrodes

The use of other metals for electroanalytical purposes is nowadays very frequent

and still growing. All solid electrodes, compared to mercury electrodes, present

some disadvantages such as difficulty to control the reproducibility and the reno-

vation of its surface can be a challenge. Conversely, mercury can be used only in a

limited anodic potential region, and this hampers the oxidation of many organic

molecules. Many solid electrodes can be utilized in this region and this is an aspect

that can be explored with these electrodes. The use of metals as electrodes for the

quantification of pharmaceutical compounds was considerably explored in the last

years and their use is still growing. Among the noble metals (normally considered

inert) platinum and gold are more widely used, followed by palladium. Applica-

tions involving copper, lead, silver, and ruthenium are also reported in the

literature.

Gold electrodes were utilized for the quantification of tetracycline, chlorote-

tracycline, and oxytetracycline using a screen-printed electrode (SPE) in a flow cell.

The limit of detection for the three cyclones was 9.6� 10�7 mol L�1,

5.8� 10�7 mol L�1, and 3.5� 10�7 mol L�1, quantified in pharmaceutical products

and foods.31 Gold electrodes can also be easily modified with self-assembled

monolayers (SAMs) and in some occasions the structure formed on the surface of

the electrode can favor the electrochemical process. The quantification of vitamin

B-12 was done on a gold electrode modified by a monolayer of mercaptoacetic acid

and the limit of quantification attained in this case was 1.0� 10�9 mol L�1.32 The

quantification of the antidepressant trazodone was done using a static and a rotating

platinum disk electrode and the detection limits attained were 2.5� 10�6 mol L�1

for the static electrode and 1.72� 10�6 mol L�1 for the rotating electrode.33 The

deposition of platinum over gold electrodes and its association with flow injection

analysis (FIA) allow to perform 90-analysis per hour and detection limit of

7.8� 10�7 mol L�1.34

Palladium was electrodeposited on gold electrodes constructed from recordable

CDs and was utilized for dipyrone quantification under flow injection analysis. The

limit of detection attained was 1� 10�7 mol L�1, the volume utilized in the FIA

was only 100 μL, and the time required for each analysis was 40 s.35 Arrays of

microelectrodes modified by electrodeposition of palladium, platinum, and a mix-

ture of platinum+ palladium were utilized for the quantification of the components

of a mixture containing ascorbic acid, dopamine, epinephrine, and dipyrone.36 Lead
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films plated on glassy carbon or gold electrodes point to a promising way to

determine low levels of pharmaceutical products. Very low detection levels for

the quantification of testosterone, trimethoprim, sildenafil citrate, folic acid, rutin,

glipizide, and rifampicine, situated between 2� 10�8 and 9� 10�11 mol L�1 were

reported in different studies carried out by the same research group.37

The formation of Cu(III) on the surface of the electrode in alkaline medium was

explored to catalyze the oxidation of acetyl salicylic acid. The quantification of this

compound in pharmaceutical formulations was done using amperometric measure-

ments in association with batch injection analysis (BIA). A detection limit of

4.8� 10�7 mol L�1 and a frequency of 60-determination per hour were reported.38

There is a series of studies where silver is involved in the quantification of

pharmaceutical products, mainly as nanoparticle or in the form an insoluble com-

pound, sometimes amalgamated. One interesting study involving solid silver elec-

trodes describes the determination of trihalomethanes (THMs) in waters and

utilizes a very clever process. On the silver electrode maintained as cathode, the

THM is electrolyzed to release the halide (chloride or bromide). In a second step,

the previously freed halide ions are collected on the second silver electrode, and

anodically polarized, forming the corresponding silver halide film, which adheres to

this electrode surface. In sequence, the collected film is reduced using differential

pulse voltammetry (DPV). The detection limit reported was 12 nmol L�1 for

bromoform and 50 nM L�1 for chloroform.39 Thioridazine was quantified utilizing

cyclic voltammetric measurements with ruthenium, platinum, and glassy carbon

electrodes. The best results were obtained with ruthenium and the linear region was

situated in the concentration range of 5� 10�5 and 1� 10�3 mol L�1.40

Bismuth film electrode (BiFE) was developed to replace mercury film elec-

trodes. More recently, BiFEs were also utilized for the quantification of vitamin

B-12 in pharmaceutical products, with a detection limit of 3.3� 10�8 mol L�1 after

a pre-concentration of only 30 s.41 Sildenafil citrate was quantified on BiFE films

prepared ex situ using a glassy carbon electrode as substrate. A limit of detection of

1.8� 10�8 mol L�1 was attained with 120 s of deposition.42

9.3.3 Carbon Electrodes

9.3.3.1 Conventional Carbon Electrodes

Carbon electrodes usually present good conductivity, broad potential windows, and

low background current. Its wider potential window compared with the other

classes of electrodes confers them an ample set of applications in electroanalysis.

The origin and the treatment of its surface can be determinant of electron transfer

reactivity, so as the predominance of edge plane toward basal plane in this surface

will determine faster electron transfer kinetics. A variety of treatments to improve

the electrode performance and to obtain reproducible surfaces have been proposed,

but there is not a “definitive prescription.”
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Glassy carbon electrodes (GCE) are the most used electrodes for many

applications, including PPCP analysis, due to their proprieties such as excellent

electrical conductivity and mechanical stability, wide potential range, imperme-

ability to gases, chemical inertness (even to concentrated acids), and reproducible

performance.43 There are many studies where GCE was employed for quantifica-

tion of very low concentration of pharmaceuticals and representative examples are

the following: For the quantification of tegaserod, this compound was adsorbed on

the glassy carbon electrode at open circuit, at pH 9.0. After this step, the medium is

exchanged and the DPV is processed. A detection limit of 3.0� 10�10 mol L�1 was

obtained under 3-min pre-concentration.44 The association of amperometry and

BIA for isoniazid quantification leads to a very sensitive response, with a detection

limit calculated as 4� 10�9 mol L�1 and an unusual linear region of response

situated from 5� 10�8 to 1.0� 10�3 mol L�1.45 Adsorptive accumulation was

explored for the direct quantification of levofloxacin in human urine, which was

only diluted (1,000 times) before the measurements in acetate buffer (pH 5.0).

A detection limit of 5� 10�9 mol L�1 was obtained utilizing 5 min of

pre-concentration at +0.4 V.46 Trimetazidine was quantified in tablet dosage form

and in urine. Both samples were diluted in buffer solution and the analyte was

pre-concentrated on the electrode for 300 s, at open circuit, under vigorous stirring.

In sequence, the solution was replaced for another, with the same buffer and the

square-wave voltammogram was recorded. A detection limit of 2� 10�8 mol L�1

was attained.47 The antihypertensive and antianginal agent amlodipine besylate in

pharmaceutical, urine, and serum was quantified exploring cyclic and square-wave

voltammetry. The best pH encountered was 11.0, the ideal pre-concentration

potential was determined as 0.0 V, and the deposition time established as ideal

was 180 s. Under these conditions a detection limit of 1.4� 10�8 mol L�1 was

reached.48 The quantification of amisulpride was optimized for quantification in

dosage forms, serum, urine, and gastric juice by oxidation using DPV and SWV.

The response obtained at pH 7.0 was the most favorable and the detection limits

attained were 2.2� 10�8 mol L�1 using DPV and 3.6� 10�8 mol L�1 when SWV

was the technique utilized.49 The same authors’ research group also developed

studies involving vardenafil present in dosage forms and in serum. The detection

limits determined in electrolyte solutions were calculated as 2.27� 10�8 mol L�1

using DPV and 6.56� 10�8 mol L�1 using SWV. In the presence of serum the

detection limits achieved were evaluated as 2.53� 10�8 mol L�1 using DPV and

2.69� 10�8 mol L�1.50 The analysis of levodopa and carbidopa in mixtures was

developed, based on the reductive peak of first and the oxidative peak of the second

when in mixture. In this study, the analysis of levodopa was not affected by the

presence of carbidopa, whereas for the quantification of this last, it was necessary to

utilize a nafion, turning the surface selective to carbidopa. The detection limit

obtained for levodopa was 4.2� 10�8 mol L�1 and for carbidopa (using the nafion

film) was 3.8� 10�7 mol L�1.51

Pyrolytic graphite electrodes have also been utilized for quantification of very

low levels of pharmaceutical compounds. The quantification of acetyl salicylic acid

and caffeine was done employing an edge plane pyrolytic graphite electrode.
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Detection limits for acetyl salicylic acid were 1� 10�8 mol L�1 and for caffeine

8� 10�9 mol L�1.52 A comparative study involving pyrolytic graphite with differ-

ent surfaces (basal� edge planes) was carried out for hydrocortisone. The edge

plane electrode showed a better performance, with greater sensitivity, and for

hydrocortisone the detection limit attained was 8.8� 10�8 mol L�1. The same

electrode was utilized to quantify hydrocortisone in blood plasma and any interfer-

ence was observed.53 Diclofenac was studied by SWV using edge plane pyrolytic

graphite. A detection limit of 6� 10�9 mol L�1 was evaluated for this analyte.54

The surface of pyrolytic graphite favors the adsorption of many different catalytic

species on its surface and the majority of the recent papers involve the utilization of

some modifiers on its surface.

Screen printing electrodes (SPE) are gaining preference for many applications,

in special for screening procedures outside of a conventional laboratory. The

construction of SPE makes use of thick-film technology and it is a very convenient

form of mass production of disposable electrochemical sensors (units with individ-

ual electrodes or more commonly comprised by an arrangement with the three

electrodes). These electrodes are constructed by deposition of conductive carbon

inks on the surface of an inert substrate (PVC and ceramic materials are preferred).

To obtain reproducible units, the film dimensions should be identical. Advantages

such as the very low cost of these electrodes, the possibility of printing a large

number of units (with the same ink to obtain similar electrodes or with different inks

producing differentiated units), and the possibility of mix modifier to tailor the

characteristics of the electrode are attractive aspects of this kind of electrodes.

Applications of SPE have been growing in the last years and in some cases the

quantification attained is 10�8 mol L�1. The quantification of sildenafil was

performed by SWV at pH 4.5, the detection limit was calculated as

5.5� 10�8 mol L�1 and the method was successfully applied to pharmaceuticals

and to spiked urine samples.55 The direct oxidation of methionine was achieved on

SPE in a multivitamin complex, without noticeable interferences, and the detection

limit calculated was 9.5� 10�6 mol L�1.56 The quantification of the anticancer

drug flutamide was performed by DPV on bare SPE and a detection limit of

8� 10�7 mol L�1 was reported.57 The association of amperometry and FIA was

explored for the rapid quantification of procaine in pharmaceutical formulations

using SPE. A frequency of 36 analysis was attained and the limit of detection was

calculated as 6.0� 10�6 mol L�1.58

9.3.3.2 Carbon Paste Electrodes

Carbon paste electrodes (CPE) were introduced by Adams in 1958 59 and along the

years the applications of this kind of electrodes have grown tremendously. Initially

it was prepared by the mixture of mineral oil and graphite powder but with time the

group of heterogeneous electrodes grew tremendously. The main reasons for this

fantastic expansion are the simplicity of preparation of carbon pastes, the facility to

renew the electrode surface, the versatility for the introduction of new constituents
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in the paste, and the very low costs of basic materials (mineral oil and carbon

powder) to prepare CPE. Studies involving unmodified paste electrodes are nowa-

days not so common, and the reasons are easy to understand, once researchers have

access to a several modifiers that can improve CPE signal. An excellent revision

focused on the electroanalysis of organic compounds at CPE60 covered the years

2004–2008. In this period, 80 % of the papers reported modified CPEs. Even

unmodified electrodes can lead to very good results, as can be seen in the following

examples: For the analysis of melatonin, the adsorption of this compound was

explored in association with alternating current voltammetry and a detection limit

of 9� 10�11 mol L�1 was attained.61 For the quantification of the diuretic drug

indapamide CPEs were explored using different techniques. Exploring the adsorp-

tion of the compound on the electrode and DPV, a detection limit of

5� 10�9 mol L�1 was reported.62 For the determination of physcion the adsorptive

process on the CPE was also explored, but during the potential scan the reduced

product was immediately oxidized by the dissolved oxygen and consequently was

available for a new reduction. This enhanced significantly the sensitivity of the

method and a detection limit of 8� 10�11 mol L�1 was obtained.63

Besides the classical CPE, there are almost infinite possibilities related to

modifications of the paste, as also related to the “inert” mineral oil. Recent papers

describe the utilization of modified electrodes with porphyrins, able to detect

1.6� 10�13 mol L�1 dopamine in pharmaceuticals64 or even 1.1� 10�14 mol L�1

for ascorbic acid in beverages and pharmaceutical samples.65

9.3.3.3 Boron-Doped Diamond Electrodes

Synthetic diamonds are basically produced by chemical vapor deposition (CVD) or

by the high-pressure/high-temperature (HPHT) processes and date from 1952 and

1955, respectively. In the 1980s, researchers developed the process to implant ions

on these diamonds, turning the films much more conductive. In 1992 the first paper

presenting the polycrystalline boron-doped diamond (BDD) electrodes was

published66 and in the following years the applications of these electrodes grew

exponentially, and many of the applications were devoted to pharmaceutical quan-

tification. The preference for this kind of electrodes is attributed to many properties

such as the following: low and reproducible background current, almost unaffected

by adsorptive processes, elevated electrochemical stability in both alkaline and

acidic medium, and owns one of the widest usable potential windows. These

properties are induced by morphologic factors, crystallographic orientation, and

presence of impurities (non-diamond sp2 carbon), which turns these electrodes

significantly different from the other conventional carbon-based electrodes

discussed before.

The utilization of BDD for analysis of nitrofurantoin was performed with

electrodes recovered with different amounts of boron and a detection limit of

8.15� 10�9 mol L�1 of the studied compound was related.67 Naproxen was

oxidized on BDD in nonaqueous medium and this electrochemical process was
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explored for the accurate quantification of this compound in pharmaceutical for-

mulations. DPV was the most favorable technique, allowing the quantification of

low concentrations of naproxen. The detection limit was calculated as

3� 10�8 mol L�1.68 Tetracycline and its derivatives were quantified in drug

formulation using GC, as-deposited BDD, and anodized BDD associated with

FIA + amperometry. The anodized BDD leads to the best signals and to the lowed

detection limit, calculated as 1� 10�8 mol L�1 of tetracycline.69

Another important field of application for BDDs is in the electrolytic degrada-

tion processes, where the wider potential window provided by these electrodes is

fundamental for an efficient process. There are more than 200 studies dealing with

BDD and electrolysis, 13 of them focusing on the decomposition of pharmaceuti-

cals, all of them published after 2001. For application in large scale (as in a

wastewater treatment) there are still challenges such as the construction of large

electrodes and the design of cells of high performance.

9.3.3.4 Fullerenes, Graphenes, and Nanotubes

Fullerenes, graphenes, and nanotubes are new forms of carbon that present many

interesting properties and have emerged as the most investigated nanostructure

materials of the last years. Fullerenes emerged in the end of the 1980s and started to

be produced commercially in 1991. The existence of nanotubes was mentioned in

the 1950s, but only in 1991 this material was separated from the soot of arc

discharge and in sequence was obtained using a CVD process. The existence of

graphene was also previewed before middle of the last century, but only in 2004 its

production was started.

A myriad of sensors utilizing these carbon forms were intensely developed in

these relatively short period and due to their special structural features and unique

electronic properties, upstanding results were attained for many applications.

Glassy carbon electrodes modified with fullerene-C-60 were utilized for methyl-

prednisolone quantification in pharmaceuticals and human biological fluids. The

presence of C-60 produced a marked enhancement of the DPV signal in comparison

with the bare electrode. The detection limit was estimated as 5.6� 10�9 mol L�1.70

Enhanced electrochemical response for carbamazepine was achieved with a GCE

modified with a nanostructured film of C-60. Utilizing DPV, the limit of detection

obtained was 1.62� 10�8 mol L�1 and the method was satisfactorily applied to

pharmaceutical formulations, spiked human serum, and urine samples.71 The elec-

trochemical response to acyclovir was also improved when a glassy carbon elec-

trode was modified with fullerene-C-60. Under optimized conditions, a detection

limit of 1.48� 10�8 mol L�1 of this antiviral drug was attained.72

Carbon nanotube electrodes (single- and multi-wall) present characteristics that

make them very attractive for many voltammetric applications. Their utilization for

quantification of pharmaceutical compounds is significant, and advantages such as

high sensitivity and stability, good repeatability, lower oxidation potential, and

absence of fouling effect are reported. Electrodes modified with nanotubes can lead
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to very sensitive responses, such as the ones obtained for the quantification of

trifluoperazine using a GCE modified with multi-walled carbon nanotubes.

According to the authors,73 an adsorptive process was explored for enhancement

of the signal and after the optimization of the process, a detection limit of

7.49� 10�10 mol L�1 was attained. The quantification of the antiviral drug

vanganciclovir was performed using a multi-walled carbon nanotube-modified

GCE. Adsorptive accumulation process enhanced significantly the signal obtained

and a detection limit of 1.52� 10�9 mol L�1 was attained for this compound.74

Triamcinolone, a doping agent prohibited for athletes, was quantified using an edge

plane pyrolytic graphite electrode modified with single-wall carbon nanotubes and

using the same pyrolytic graphite electrode modified with fullerene-C-60. The

authors concluded that electrode modified with the nanotubes was more sensitive

than the one modified with fullerenes. A detection limit of 8.9� 10�10 mol L�1 was

attained when the single-walled carbon nanotube-modified electrode was utilized.75

Analysis of pharmaceuticals and real urine samples was performed, with good

agreement with chromatographic analysis.

Graphene presents a freestanding 2D structure with one-atom thickness and

rapidly is becoming one of the hottest topics in the field of material science,

physics, chemistry, and nanotechnology since it was first isolated in 2004. Appli-

cations of graphene to tailor sensors of differentiated performance are growing

rapidly and will be a hot topic in the following years, as will be illustrated. For the

quantification of paracetamol, a GCE was recovered with graphene that produced

an intense decrease in the oxidation potential of this analyte and an excellent

electrocatalysis for the determination of this pharmaceutical compound. A detec-

tion limit of 3.2� 10�8 mol L�1 was calculated for this compound.76 Lower

detection limits were obtained utilizing composites containing graphene. For the

quantification of rutin, a composite based on cyclodextrin/reduced graphene/nafion

leads to detection limits of 2� 10�9 mol L�1 of rutin.77 A composite containing

gold nanoparticles/L-cysteine/graphene/nafion deposited on GCE was utilized for

the quantification of theophylline. Responses in a wide linear range (4� 10�9 to

6� 10�5 mol L�1) were recorded and the detection limit for this electrode was

calculated as 4� 10�10 mol L�1 of theophylline.78 For the quantification of quer-

cetin, a composite of p-aminothiophenol-functionalized graphene oxide/gold

nanoparticles produced amazing sensitivity. For this compound, a detection limit

of 3� 10�13 mol L�1 was obtained using SWV.79

A comparison between the development of sensors based on these new forms of

graphite shows that nanotubes are at this moment the most utilized material and this

probably can be attributed to the facility of acquisition and utilization of this

material. Graphene, even being the “youngest” of these materials, in few years

surpassed the fullerenes use as sensing material, probably due to the fact that this

last requires chemical modification before its utilization.
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9.3.3.5 Other Electrodes

Besides the solid metallic electrodes, the utilization of metal films, nanoparticles,

and insoluble compounds immobilized on the solid electrodes is a field with plenty

of opportunities and there are many aspects to be explored. Noble metals are able to

catalyze many electrochemical reactions. Mercury and gold are the most favorable

surfaces to explore adsorptive pre-concentration,80,81 which allow detection in the

10�12 mol L�1 region. Mercury is still among the best sensors and in the starting of

the last century, polarography was responsible for the popularity of electroanalyt-

ical techniques. Unfortunately many countries are considering the possibility of

discontinuing the use of mercury electrodes. Alternative ways are the utilization of

mercury films or mercury amalgams. The use of mercury film on carbon fiber

microelectrodes was explored for the quantification of folic acid and mitoxantrone,

obtaining detection limits of 9� 10�10 and 5� 10�10 mol L�1, respectively.82

Silver amalgam was utilized for the quantification of folic acid and the detection

limit calculated was 5� 10�10 mol L�1.83

Low detection limits were also attained using gold electrodes modified by thio-

compounds. A study involving simultaneous self-assembled films containing

corrole-SH and other thiol derivatives generated a very sensitive sensor for dopa-

mine, free from interferences of species commonly present in blood. A detection

limit of 5.3� 10�12 mol L�1 was obtained for a direct determination of dopamine in

human plasma 80 times diluted.84 The grafting of molecular imprinting polymers

(MIPs) was executed via photopolymerization of acrylamide and trimethy-

lolpropane trimethacrylate on a gold electrode surface. A sensor with wide con-

centration working region (10�9 to 10�3 mol L�1) was obtained and its detection

limit was calculated as 1� 10�10 mol L�1.85

The use of carbon paste electrodes (CPE) for the quantification of trace amounts

of pharmaceuticals has been also explored due to the versatility of this electrode, an

attractive aspect many times considered by the researchers. The intense adsorption

of vardenafil on CPE was explored for its quantification in commercial formula-

tions and in human serum with high sensitivity, attaining a detection limit of

3� 10�10 mol L�1 .86 CPE modified with dysprosium hydroxide nanowires87 or

lanthanum hydroxide nanowires88,89 also presented sensitivities in the

10�10 mol L�1 region. CPE modified with carbon nanotubes and DNA was

explored for the quantification of DL-alpha-tocopherol. A detection limit of

1.3� 10�10 mol L�1 was attained in this study.90 The utilization of clay in the

CPE produced an effective improvement in the quantification of nifedipine (LOD:

3.9� 10�10 mol L�1) and nimodipine (LOD: 4.8� 10�10 mol L�1).91 Octyl-

bonded silica (C-8) was introduced in a CPE to enhance the quantification of

doxazosin (LOD: 7.4� 10�10 mol L�1).92 The use of 1,2-dibromocyclohexane as

the paste binder created an ingenious way to obtain a self-catalytic carbon paste

electrode for the detection of vitamin B-12. A detection limit of 8.5� 10�10 mol L�1

was attained93 for this vitamin.
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There are many other studies that can be found in the literature, but the aim of

this chapter is to give to the readers an overlook concerning to what was developed

until now and about the potential represented by the electroanalytical techniques for

the continuous monitoring of emerging pollutants in water and wastewater. Unfor-

tunately, the number of applications to real samples is still very reduced (as will be

seen in the next section) but a significant increase in these applications can be

expected in the future.

9.4 Voltammetric Determination of PPCP

The number of papers dedicated to the electrochemical quantification of the con-

stituents of commercial products is remarkably significant in comparison with the

ones dealing with their determination in natural waters and wastewater. This huge

difference is motivated by many factors, among them: The need of analytical

control of these components is essential for the quality of the products

manufactured; procedures for the analysis of these products were established for

relatively long time in their matrixes, but still to be established in wastewater; the

conscience about emerging contaminants is relatively new and the direct analysis of

these compounds in wastewater can be more complex than in pharmaceutical

products. An evaluation on the papers dedicated to analysis of PPCP in water

indicates some preference for sensors containing the new forms of graphite

(nanotubes, graphenes, and fullerenes—particularly considering their relatively

short life).

Multiwalled carbon nanotubes (MWCNT) deposited on GC were explored for

the quantification of carbamazepine in wastewater and in pharmaceuticals.94 The

results compared well with the ones obtained by chromatography and the detection

limit attained using linear sweep voltammetry was 4� 10�8 mol L�1 for carba-

mazepine. GC covered with MWCNT was utilized for quantification of the

dihydroxybenzene isomers (hydroquinone, catechol, and resorcinol) in artificial

wastewater.95 The electrocatalytic proprieties afforded by the MWCNT produce

an intense anticipation of the oxidation peaks, so as a good separation between

them, allowing the direct quantification of the three compounds. In another study,

composites containing epoxy and MWCNT and epoxy +MWCNT+ silver-modi-

fied zeolites were utilized for the quantification of ibuprofen by different tech-

niques. The authors verified better responses for the composite containing silver-

modified zeolites, reporting a detection limit of 4� 10�7 mol L�1 ibuprofen.96

According to them, this electrode presents potential both for degradation and

simultaneously its control. A study comparing the performance of BDD, GC, and

MWCNT-epoxy composites for the degradation of ibuprofen demonstrated a supe-

rior performance of the composite electrode.97 The authors verified an additional

enhancement in the performance of this electrode in the presence of chloride ions.

In another study, the potential of MWCNT for the removal of natural and synthetic

endocrine disrupting estrogens was also evaluated in a kinetic and mechanistic
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study.98 The authors concluded that nanotubes present good potential for removal

of estrogens from aqueous phase at relatively lower concentrations.

Graphene was immobilized on gamma Fe2O3 nanoparticles and presented high

performance in removal processes of endocrine-disrupting compounds from

water.99 This strategy minimizes the graphene-graphene interaction, and

maintained a very high graphene active area. An additional advantage is the fact

that the resulting material favors its magnetic separation after the adsorption of the

endocrine disruptors. Graphene was associated to platinum nanoparticles to form a

composite on a GC electrode after electropolymerization of mercaptonicotinic acid

in the presence of 17 beta-estradiol. After the removal of the template, the electrode

presented good linear response in the range of 4–60� 10�9 mol L�1, the limit of

detection being calculated as 2� 10�9 mol L�1. The sensor was applied for 17 beta-

estradiol quantification in mackups with good recovery.100 Recently, the favorable

characteristics of graphene were also explored to adsorb pharmaceuticals and

personal care products from wastewater and their quantification by gas

chromatography-mass spectrometry.101 The limit of quantification calculated for

nine different pharmaceutical products was situated between 13 and 115 ng L�1.

Fullerene-C-60 was immobilized on glassy carbon by evaporation of a CH2Cl2
solution. The adsorbed fullerene was cycled in 1 M NaOH for its reduction and the

electrode was utilized for bisphenol quantification in wastewater.102 The detection

limit was determined as 3.7� 10�9 mol L�1. The association of fullerenes and

MWCNT was explored for the quantification of the endocrine disruptor vinclozolin

in wastewater. A glassy carbon electrode was polished and a solution containing

both carbon forms (MWCNT:C-60¼ 2:1) were cast on the electrode that was dried

at air. This electrode was applied for vinclozolin in optimized conditions, attaining

a detection limit of 9.1� 10�8 mol L�1.103 This sensor was successfully applied to

the detection of vinclozolin in wastewater, obtaining a recovery ranging from 97.6

to 103.6 %.

Glassy carbon electrodes were also utilized for pharmaceutical quantification in

wastewater. The redox characteristics of domperidone were critically investigated

by DPV and CV. The limit of quantification of this compound was evaluated as

6.1� 10�7 mol L�1.104 The procedure proposed shown a good recuperation for the

pure form (98.2� 3.1 %) and a very satisfactory value for wastewater

(95.0� 2.9 %). The quantification of triclosan on glassy carbon was studied in

the presence of sodium dodecyl sulfate, which contributes for the enhancement of

the voltammetric signal. The detection limit calculated was 1.73� 10�8 mol L�1.105

The procedure was successfully applied to analyze wastewater and personal care

product samples.

Screen-printed electrodes were also used for quantification of PPCP in waters,

wastewater, and sewage samples. A screen-printed carbon electrode was utilized

for quantification of bisphenol A in river water and sewage samples, without

pretreatment of the samples.106 The presence of cetyltrimethylammonium bromide

was very favorable, actuating as antifouling and preconcentrating agent. A limit of

detection of 5.1� 10�8 mol L�1 was obtained in this study. A screen-printed silver

electrode was utilized to quantify the content of aluminum chlorohydrate content in
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antiperspirant deodorants. A single drop (50 μL) was sufficient for the analysis.107

The detection limit was calculated as 3.03 mg L�1.

Mercury electrode was utilized for the quantification of pyrithione in seawater.

The cathodic stripping analysis was performed in the presence of Triton X-100,

with the aim of separating the desired peak from the signal from the interfering thiol

compounds. A detection limit of 1.5� 10�9 mol L�1 was attained using 60-s

pre-concentration.108

Silver electrodes and its amalgam were also explored for analytical purposes.

Trihalomethanes were quantified at submicromolar concentrations in water, using a

three-step stripping process. The trihalomethane was reduced on a silver cathode,

forming halides, which were captured at a silver halide anode. The insoluble AgX

formed was then reduced using differential pulse voltammetry. Using this proce-

dure, bromoform and chloroform can be detected in the 1.2� 10�8 and

5� 10�8 mol L�1 in water.39 Silver amalgam was employed for quantification of

ketoconazole in pharmaceuticals and in shampoos. The best conditions were deter-

mined, a detection limit of 1.2� 10�7 mol L�1 was calculated, and the method was

applied to shampoos and cream samples with good recovery.109 Composites involv-

ing nanoparticles were also explored for the determination of different compounds.

Zinc hydroxide nanoparticles were utilized for the quantification of 21 different

parabens in aqueous solution. The detection limit was situated in the low micro-

molar region.110

Biosensors, immunosensors, and aptosensors present elevated selectivity or even

specificity for a distinct target. This aspect is an important advantage in very

complex matrixes such as wastewater or sewage water. Enzymes can be utilized

both for the generation of a detectable species111 or to eliminate some target of

interest112 in the complex sample. The use of immunosensors can produce very

sensitive and selective responses. Recombinant single-chain antibody fragments

were utilized for constructing a very sensitive sensor for atrazine, using a screen-

printed electrode incorporating a conducting polymer, which enables direct

mediatorless reaction.113 This sensor presented very high sensitivity and its detec-

tion limit was 4.6� 10�10 mol L�1. An aptosensor for tetracycline detection was

developed using an ssDNA aptamer that selectively binds to tetracycline as recog-

nition element. To immobilize the ssDNA aptamer, it was biotinylated and bonded

to the streptavidin-modified surface of a gold screen-printed electrode.114 The

detection limit was calculated as 1� 10�8 mol L�1.

Microelectrodes (single or arrays) also can be explored for the monitoring of

species of interest in natural waters. An array of amalgamated gold microelectrodes

was utilized to evaluate biogeochemical response of native sediments following its

capping with a clean layer of a “clean” material.115 In this study it was observed that

the oxygen penetration into sand capping material extend only a few centimeters,

maintaining so the sediment anaerobic. This kind of sensor arrangement is very

important for better understanding the biogeochemical processes that affect natural

water reservoirs. The possibility of measure in situ processes that occur in the

seafloor is of great importance for understanding aspects of the sediment biogeo-

chemistry and about the exchanges that occur in the ocean.116 Information about the
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flux of metallic and organic compounds can contribute for a better understanding of

the multiple processes that occur there. Microelectrodes can be very versatile,

favoring even the determination of analytes in very small samples. One interesting

example that illustrates this aspect is the study dealing with the effects of the

makeup based on lead salts, utilized by ancient Egyptians.117 Measurements

made with only few cells demonstrate that the low solubility of the metal was

sufficient to activate the specific oxidative stress responses of keratinocytes, pro-

ducing more nitrogen monoxide and stimulating immunological defenses.

For the future, many progresses can be envisioned. The use of arrays of different

electrodes and the treatment of the data so obtained with chemometrics will

increase the power of the obtained information. New nanostructured materials

will amplify the possibilities for this purpose.

9.5 Final Remarks

Studies focused on emerging contaminants are still in its beginning and constitute a

field plenty of challenges to be faced. There are a myriad of aspects to be studied

and will require huge efforts to rationalize the multifaceted aspects involving these

compounds. Emerging contaminants can be found almost everywhere (air, water,

soil, waste, foods, drinks, tissues, plants, milk, etc.) and its real number is unknown

(pharmaceuticals, creams, pesticides, hormones, veterinary products, illicit drugs,

surfactants, plasticizers, solvents, plastics components, catalyzers, etc.).

Only recently the deleterious effects caused by emerging contaminants started to

be considered seriously and it is urgent to take actions to control or at least minimize

their effects. The development of strategies to screen continuously these compounds

in water is an important task to bring valuable information, which is essential to take

decisions. Analytical data will be also fundamental for the optimization of treatment

processes, such as the ones which utilize strong oxidants (chlorination, ozonation,

H2O2), processes which employ electro-oxidation, retention processes based in

membranes (reverse osmosis, membranes for nano-filtration), and bioreactors or

even active sludge—all can be beneficed with precise and continuous monitoring

of the income and the outcome of emerging compounds. And the electroanalytical

methods can strongly contribute in this direction.
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Chapter 10

Surfactants

Elmorsy Khaled and Hassan Y. Aboul-Enein

Surfactants are the active ingredients in personal hygiene products and detergents

for industrial and household cleaning. There are four classes (cationic, anionic,

amphoteric, and nonionic) based on the ionic charge (if present) of the hydrophilic

portion of the surfactant in an aqueous solution. The annual global production of

surfactants was 13 million metric tons in 2008, about 70 % represent anionic ones.

Surfactants are among the most important components in the group of highly toxic

substances that affect environmental conditions in marine ecosystems.

The determination of surfactants in the environment is important not only

because they are toxic, but also for their biodegradation metabolites that are more

persistent. The routine procedure for surfactants analysis is based on a two-phase

titration method. While this method is sensitive, it has many disadvantages such as

limitation of application to strongly colored and turbid samples, time-consuming,

toxicity of organic chlorinated solvents used, and formation of emulsions during

titration which could disturb the visual end-point detection. In view of its disad-

vantages, other alternative analytical techniques have been developed such as

spectrophotometry, thin layer chromatography, and capillary electrophoresis.

However, increasing environmental concerns have fostered the development of

automated analytical systems for environmental monitoring with added features

for in situ, real time and remote operation. The use of electrochemical sensors as

detectors integrated in automated flow systems has proved to achieve simple,

robust, and automatic analyzers for environmental monitoring.
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This chapter presents an overview of electrochemical techniques applied for the

determination of surfactants. Special focus will be put on both potentiometric and

amperometric sensors and biosensors.

10.1 Introduction

Surfactants form a unique class of organic compounds. A surfactant molecule

contains a hydrophilic head group and a hydrophobic chain (or tail). The polar or

ionic head group usually interacts strongly with an aqueous environment, in which

case it is solvated via dipole–dipole or ion–dipole interactions. Surfactants have a

remarkable ability to influence the properties of surfaces and interfaces, and thereby

have an impact on industrial processes and products. Applications of surfactants in

industry area are quite diverse and have a great practical importance. Surfactants

may be used in the production and processing of foods, agrochemicals, pharma-

ceuticals, personal care and laundry products, petroleum, mineral ores, fuel addi-

tives and lubricants, paints, coatings and adhesives, and in photographic films.1–6

They can also be found throughout a wide spectrum of biological systems and

medical applications, soil remediation techniques, and other environmental, health,

and safety applications.6

The nature of the polar head group is used to divide surfactants into different

categories.6 Anionic surfactants are dissociated in water in an amphiphilic anion,

and a cation (metal or quaternary ammonium ions). They are the most commonly

used surfactants as they account for about 50 % of the world production. Examples

for anionic surfactants include alkylbenzene sulfonates (detergents), soaps (fatty

acids), lauryl sulfate (foaming agent), di-alkyl sulfosuccinate (wetting agent),

lignosulfonates (dispersants), etc. On second position behind anionic surfactants,

nonionic surfactants represent about 45 % of the overall industrial production. They

do not ionize in aqueous solution, because their hydrophilic group is of a

non-dissociable type, such as alcohol, phenol, ether, ester, or amide. A large

proportion of these nonionic surfactants are made hydrophilic by the presence of

a polyethylene glycol chain, obtained by polycondensation of ethylene oxide. They

are called polyethoxylated nonionics. Cationic surfactants dissociate in water into

an amphiphilic cation and an anion, most often of the halogen type. A very large

proportion of this class corresponds to nitrogen compounds such as fatty amine salts

and quaternary ammoniums, with one or several long chain of the alkyl type, often

coming from natural fatty acids.

Surfactants are widely used in everyday personal care and household products as

well as in a variety of industrial applications. As a result, large amounts of

surfactants are commonly discharged in large quantities to sewage treatment plants

or directly to the aquatic environment in areas where there is no sewage treatment.

The toxicity and persistence of surfactants is now fairly predictable for a variety of

environmental situations and several reviews are available.7–11 Under aerobic

conditions many surfactants are readily biodegraded, while anaerobic
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biodegradation generally proceeds more slowly. The toxicity of surfactants natu-

rally depends greatly upon their structure. Increasing the alkyl chain length in the

hydrophobic group will generally increase the toxicity, whereas increasing the

ethylene oxide (EO) numbers with the same hydrophobic group will generally

decrease the toxicity.6 Because many surfactants are ubiquitous,12 the potential

toxic effects of these chemicals have attracted much research attention in the past

several decades.13–15

10.2 Determination of Surfactants

The widespread importance of surfactants in industrial applications, and scientific

interest in their nature and properties have been reflected on a wealth of published

literature on surfactant analysis.16–31 Probably the most common analytical method

for ionic surfactants is Epton’s two-phase titration.32–34 Here, the surfactant is

extracted into an organic hydrophobic solvent (CHCl3) when a lipophilic ion-pair

formed with the titrant. The latter is generally a surfactant of opposite charge. The

titration is carried out in the presence of an ionic dye (or a mixture of ionic dyes)

which colors the organic layer differently in the presence of an excess of anionic or

cationic surfactants. Nonionic surfactants can be titrated after the addition of an

activator to form a charged complex.35 Although this procedure was currently used

as a standard method; Gerlache et al.30 reported several drawbacks such as forma-

tion of an emulsion during titration (risks of errors in visual end-point detection),

lack of efficiency for a surfactant having a short carbon chain length, turbidity of the

solution when analyzing a complex sample, toxicity of the chlorinated organic

solvent (CHCl3), time-consuming, and difficulty of automation. So it seems neces-

sary to search for alternatives of the aforementioned method in order to increase the

laboratory productivity and operator safety and comfort and to reduce drastically

the reagents consumption and waste production.

This chapter was intended to provide an overview of different electroanalytical

methods for surfactant analysis. Surfactant sensors are usually divided into poten-

tiometric, voltammetric, and amperometric sensors and biosensors. While amper-

ometric sensors and biosensors are very few for the determination of surfactants,

potentiometric sensors are the most common due to their simplicity and versatility.

10.2.1 Potentiometric Surfactant Sensors

Potentiometric surfactant sensors are usually used as titration end-point indicator

electrodes, although some direct potentiometric surfactant electrodes have also

been reported.20–23,29–31 All surfactant titrations are based on the so-called antag-

onist reaction, where an ionic surfactant reacts with an oppositely charged ion

(mainly surfactant, too) forming a water insoluble salt (ion-pair).21,29 Before the
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equivalent point, the analyte is in excess and, afterwards, the titrant is in excess. The

electrode may be sensitive to the analyte or to the titrant. The electroactive material

is usually an ion associate A+B� in the sensing element in which B� is an anionic

surfactant and A+ is usually a cationic surfactant.21,29 Simply, the ion associate can

be prepared by mixing adequate volumes of an aqueous solution containing the

anionic surfactant with a solution containing an equimolar amount of the cationic

one. The precipitate is filtered, washed thoroughly with distilled water, and dried

under vacuum at 25 �C for at least 24 h; afterwards it is ground to a fine powder.

Potentiometric sensors are suitable for the determination of ionic (cationic and

anionic) as well as nonionic surfactants after activation of the latter with barium

chloride.36

Investigations of surfactant-sensitive potentiometric electrodes began in the

1970s.37 Since surfactant ion-selective electrodes have been developed by Gavach

and Seta,38 the development of potentiometric surfactant sensors is an area of

interest. Several excellent articles20,21,29,30,39,40 review the use of different types

of electrodes for surfactant analysis. When compared with other analytical

methods, ion-selective electrodes (ISEs) are simple, relatively inexpensive, robust,

durable, and ideal for their use in field environments. Some other advantages

involve that they can be used very rapidly, that they allow continuous monitoring,

and that they are not affected by turbidity or color of a sample.

In this part, different potentiometric ion-selective electrodes for the determina-

tion of surfactants will be discussed including liquid membrane electrodes, con-

ventional polyvinyl chloride membrane electrodes (PVC), solid contact electrodes,

carbon paste electrodes (CPEs), and more recently disposable screen-printed elec-

trodes (SPEs).

10.2.1.1 Liquid Membrane Electrodes

The customary type of a liquid membrane electrode is a design in which the

sensitive membrane is composed of a water-immiscible organic solvent containing

the ion of interest in the form of ion associate. The membrane is interposed between

a standard (internal) and a test (external) ion solution.41–43 In early types of liquid

membrane electrodes, an organic phase as a membrane is placed between two

aqueous phases in bulk or with the support of a thin, porous cellulose sheet, sintered

glass, or similar lamellas. Nitrobenzene is the popular membrane solvent; other

organic solvents are also applied such as o-nitrotoluene, 4-ethylnitrobenzene,

4-nitro-m-xylene, and p-nitrocoumarin.

Gavach et al.44 were probably the first to apply liquid membrane-based

ion-selective electrodes (ISEs) for the titration of long chain alkyl methyl ammo-

nium salts with sodium tetraphenyl borate. Birch et al.45,46 were also among the first

researchers to use liquid ion-exchange electrodes responsive to ionic surfactants

in 1972.

A solution of a surfactant ion associate dissolved in a hydrophobic organic

solvent (nitroaromatic derivatives) was used as a sensitive liquid membrane
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electrode for the determination of surfactants.25,26 The inner body of the electrode

was filled with a chloride solution of a diluted anionic surfactant and a Ag/AgCl

reference electrode was dipped into this internal solution.

Ishibashi et al.47 used a Crystal Violet salt in nitrobenzene or

1,2-dichloromethane as the active sensing part for aromatic sulfonates. As reported,

the presence of hydrophobic groups in the Crystal Violet molecule limited the

dissolution of the sensing solution in aqueous samples.

A comparison of the results obtained with surfactant selective electrodes48 and

the two-phase titration procedure reveals great accuracy for both techniques.

However, the analysis of commercial cosmetic products and washing powders

gave better results with the potentiometric titration method.

Sap et al.49 used an Fe (I1) bis [2,4,6-tri(2-pyridyl)]-1,3,5-triazine complex

embedded in the sensor for the determination of dodecyl sulfate (DS). Linear

response was in the concentration range between 7� 10�6 and 1.5� 10�6 mol L�1.

No interference from inorganic ions was noticed while some other organic ions did.

The potential jump magnitude increases with the alkyl chain length of the surfactant

(formation of a more hydrophobic ion-pair).

A supported liquid and a PVC-based membrane selective for dodecyl sulfate

(DS�) ion was described by Arvand-Barmchia et al.50 The electroactive element

was a membrane containing a dissolved ion association complex of DS� with

cetylpyridinium (CP+) cation dissolved in acetophenone. Nernstian response

towards the DS� anion was achieved over the concentration range from

8.3� 10�3 to 1.0� 10�6 M at 25 �C. The proposed electrode also showed good

selectivity and precision (RSD about 2.0 %), and was usable within the pH range of

4.0–6.8. The liquid membrane electrode could find application in the direct deter-

mination of DS by the standard addition method at pH 5.0, and exhibited useful

analytical characteristics for the determination of sodium dodecyl sulfate (SDS) in

detergents and real samples.

Two major problems encountered with liquid membrane electrodes are the drift

of the potentiometric signal with time and a risk of membrane dissolution in the

aqueous phase when the concentration of the surfactant approaches the critical

micelle concentration (CMC).

10.2.1.2 Conventional Polymeric Membrane ISEs (PVC)

Moody et al.51 introduced a more convenient approach for liquid membrane

electrodes, where the membrane components (electroactive material, supporting

polymer and plasticizer) were dissolved in tetrahydrofuran or cyclohexanone at

room temperature. The cocktail was poured in a Petri dish, where the slow evap-

oration of the solvent left a flexible master sheet of 10–100 μm thickness. The

membrane was cut with a cork borer and mounted at the end of a plastic tube. The

electrode body was filled with a standard internal solution of the target ion and

saturated KCl as desired for establishing the potential of the internal reference

electrode. Since these membranes contained ~70 % (w/w) plasticizer and because
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the plasticized polymer behaved like a viscous liquid, the properties of the electrode

were very similar to the original liquid membrane electrode. However, the poly-

meric matrix could be considered as a microporous net or a close netting, respec-

tively, the vacancies of which were occupied by the plasticizer in which the

electroactive material was dissolved.41 Many polymers were used as a polymeric

support such as polyvinyl chloride (PVC), polyurethane, silicone rubber, polysty-

rene, and polymethyl methacrylate.52 PVC was the most commonly used polymer

matrix as it gave homogeneous, solid and flexible membranes with electrochemical

compatibility with a host of sensor material cocktails based on liquid ion exchanger

and their appropriate plasticizing solvent mediators.53 The role of plasticizers in

plastic membrane electrode might be considered analogous to that of organic

solvent in liquid membrane electrodes, as it would determine the electrode selec-

tivity towards the ion of interest, the slope of the calibration graph, as well as the

membrane resistance.

Moody and coworkers54,55 and Buschmann and coworkers36,39 were leaders in

constructing efficient surfactant sensors. ISEs containing PVC membranes with

ortho-nitrophenyloctyl ether (o-NPOE) as a plasticizer were suitable for the deter-
mination of amphoteric (ZS) and cationic (CS) surfactants. At pH< 1.5, the ZS

reacts as a CS and can be titrated by a bulky counter ion such as tetraphenylborate.56

Complexation of the ethoxylated part of nonionic surfactants with a bivalent cation

such as Ba2+ allows potentiometric titration with tetraphenyl borate.36 Jones et al.54

report a detection limit of 1� 10�7 mol L�1 for Antarox 880.

A potentiometric flow injection determination method for DS� ion was proposed

by utilizing a flow-through type ion-selective electrode detector. The sensing

membrane of the electrode was a PVC membrane plasticized with o-NPOE without

added ion exchanger.57 A linear relationship was found between peak height and

logarithmic concentration of the DS� ion with a Nernstian slope of 52 mV decade�1

in a concentration range from 1.0� 10�5 to 1.0� 10�3 mol L�1; the detection limit

was 5� 10�7 mol L�1 and the relative standard deviation 1.3 %. The method was

free from the interference of nonionic surfactants and inorganic electrolytes for the

determination of the DS� ion. The same author applied a plasticized PVC mem-

brane electrode sensitive to dodecylbenzene sulfonate (DBS) ion for the determi-

nation of anionic polyelectrolytes by potentiometric titration, using a solution of

(Cat-floc) as a titrant. A linear relationship between the concentration of anionic

polyelectrolytes and the end-point volume of the titrant existed in the concentration

range from 2� 10�5 to 4� 10�4 mol L�1 for potassium polyvinyl sulfate (PVSK),

alginate, and carrageenan.58 In a more recent publication, a PVC membrane

electrode sensitive to octadecylammonium (stearyltrimethylammonium) ion for

the determination of cationic polyelectrolytes or Cat-floc by potentiometric titration

was published.51 A linear relationship between the concentration of cationic poly-

electrolyte and the end-point volume of the titrant existed in the concentration range

from 2� 10�5 to 4� 10�4 mol L�1 for Cat-floc, glycol chitosan, and methylglycol

chitosan.

A sensor for anionic surfactants with a membrane consisting of 33 % (m:m) PVC,

66 % dioctylphthalate (DOP) plasticizer, and 1 % tridodecylmethylammonium

910 E. Khaled and H.Y. Aboul-Enein



chloride (TDMAC) was developed and used for flow injection analysis.59 The sensor

displayed a working response range from 5� 10�7 to 5� 10�3 mol L�1 DBS with a

Nernstian slope of 58.5� 0.2 mV decade�1, a response time of 30 s and a detection

limit of 1.5� 10�7 mol L�1. The sensor was used to measure anionic surfactants

(DBS) in different wastewater samples, commercial detergent products, and for

monitoring the rate of surfactant biodegradation in sewage treatment plants. The

results obtained agreed fairly well with the data obtained by the standard spectro-

photometric method.

Three other kinds of ion-selective polymeric membranes (ISEs) sensitive to

cationic surfactants were fabricated and characterized by Campanella et al.60

They use benzyldimethylhexadecylammonium-reineckate, dodecyltrimethyl-

ammonium-reineckate, or hexadecyl-pyridinium-phosphotungstate as exchanger.

ISEs displayed a linearity range for common cationic surfactants between about

10�6 and 10�4 mol L�1, satisfactory fast response (60 s) and moderately

sub-Nernstian slope values. An electrode based on PVC membrane containing

trioctylhydroxybenzene sulfonic acid as an ion exchanger and dibutylphthalate

(DBP) as a plasticizer was used for the determination of low concentrations of

cationic surfactants in antiseptic formulations, by potentiometric titration with

sodium tetraphenyl borate.61

A cetylpyridinium chloride (CPC)-selective membrane sensor consisting of

CPC-ferric thiocyanate ion pairs in a PVC matrix plasticized with DOP was

described by Mostafa.62 The electrode showed a stable, near-Nernstian response

for 10�3 to 10�6 mol L�1 CPC at 25 �C over the pH range of 1–6 with a slope of

57.5� 0.4 mV decade�1. There is negligible interference from many cations,

anions, and pharmaceutical excipients; however, cetyltrimethylammonium bro-

mide (CTAB) interfered significantly. The direct determination of CPC in Ezafluor

mouthwash gave results that compare favorably with those obtained by the British

Pharmacopoeia method.

Badawy et al.63 prepared a cetyltrimethylammonium (CTA) cation sensitive

polymeric membrane electrode. The electroactive material was the

ion-association complex of the cation (CTA)+ with phosphotungstic acid (PTA).

The electrode was applied for the determination of CTAB in aqueous solutions by

standard additions and by potentiometric titration with PTA. The response was

nearly Nernstian between 3.2 and 830 μM and was unaffected by pH changes.

Recoveries of CTAB from a disinfectant solution were 102.8 and 97 % by the

standard addition and the potentiometric method, respectively. The same group

fabricated a PVC membrane electrode selective for the CTA+ ion using the

CTA-trinitrobenzene sulfonate (TNBS) ion pair as electroactive material. The

electrode showed a near-Nernstian response within the CTA+ concentration range

from 1.08� 10�6 to 8� 10�4 M at 25� 1 �C, good selectivity and precision

(RSD¼ 1.0 %); it was usable within the pH range 2.5–10.2. The electrode was

used for the direct determination of CTAB either by the standard addition method

or by potentiometric titration with TNBS at pH 7.64 In another publication, the same

author65 prepared a PVC membrane electrode selective for the cetyldimethylethy-

lammonium ion (CDEA). The active element was a plasticized PVC membrane
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containing the ion associate complex of CDEA with phosphotungstic acid. Near-

Nernstian response within the concentration range of l0�6 to 10�4 mol L�1 CDEA

was achieved.

A polyvinyl chloride (PVC) membrane66 electrode based on

hexadecylpyridinium-phosphotungstate (HDP-PTA) ion associate was constructed

for the determination of HDP ion in some antiseptic and disinfecting preparations

by standard addition or potentiometric titration methods. The electrode showed a

Nernstian response over the concentration range of 6.3� 10�6 and

3.1� 10�3 mol L�1 of HDP at 25 �C over a wide pH range.

Patil et al.67 fabricated PVC electrodes sensitive to dodecyltri-methylammonium

ions (DTA+) and tetradecyltrimethylammonium ions (TTA+). The electrode was

used for determination of critical micelle concentration of TTAB in water. More-

over the electrode was tested in the presence of nonaqueous polar solvents, i.e.,

dimethylformamide (DMF) and dimethylsulphoxide (DMSO).

A sensitive potentiometric surfactant sensor was prepared based on the highly

lipophilic 1,3-didecyl-2-methyl-imidazolium cation in the form of its tetraphe-

nylborate associate.68 The sensor responded fast and showed a Nernstian response

for the following surfactants under investigation: CPC, CTAB, and hyamine with

slope values of 59.8, 58.6, and 56.8 mV decade�1, respectively. The sensor served

as an end-point detector in ion-pair surfactant potentiometric titrations using

sodium tetraphenylborate as titrant. Several technical grade cationic surfactants

and a few commercial disinfectant products were also titrated, and the results were

compared with those obtained from a two-phase standard titration method. The

results, compared to those obtained using a commercial surfactant electrode with

the standard two-phase titration method, exhibited satisfactory mutual agreement.

A membrane with the hexadecyltrioctadecylammonium-tetraphenylborate

(HDTA-TPB) ion pair was used for the preparation of a potentiometric sensor for

anionic surfactants, such as DS�.69 The sensor exhibited a Nernstian response of

58.1 mV decade�1 between 3� 10�7 and 3� 10�3 mol L�1. The interfering effect

of several inorganic and organic anions, most frequently used in formulated prod-

ucts, was investigated. The homologous series of C7–C12 alkane sulfonates and

some commercial detergent products were successfully titrated.

More recently,70 a PVC membrane electrode selective to HDTA+ and DS� was

constructed using modified single-walled carbon nanotubes (SWCNTs). The mem-

brane electrodes exhibited a Nernstian response (59.5 mV/decade) for DS� and a

near-Nernstian response (57.2 mV decade�1) for CTAB over a wide concentration

range below their critical micelle concentrations (CMC). The electrodes showed a

fast response time (t90 %¼ 30 s) and could be used for 3 months without any

divergence in potentials. The ion-selective electrode could determine SD� down

to concentrations as low as 1.9� 10�6 mol L�1 and CTA+ to 5.2� 10�6 mol L�1.

This method for determining anionic surfactants was found to be quite accurate

when compared with classical methods.

An installation for the rapid determination of surfactants in seawater using

ion-selective electrodes was developed by Stepanets et al.71 The installation was

tested under on-site conditions on shipboard in the course of integrated marine
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studies of environmental conditions in the Baltic Sea. Maximum marine pollution

levels were detected in the near-shore zone; this fact can be explained by waste

discharges from sites where surfactants are in wide residential and industrial use.

Generally, potentiometric sensors incorporated with ion-pair associates are

plagued by limited selectivity and their applications are restricted to more chal-

lenging matrices; therefore more selective molecular recognition components are

clearly required. Chemically modified electrodes (CMEs) were suggested for

improving the electroanalytical performance through application of molecular

recognition species selective to the target analyte.72,73 Different types of molecular

recognition elements have been proposed including crown ethers, calixarenes,

cyclodextrins (CDs), or porphyrins.74,75 Cyclodextrins are naturally occurring

macrocyclic oligosaccharides formed of 1,4-glucosidic bond-linked D(+)

glucopyranose oligomers of 6, 7, and 8 glucose units yielding α-, β-, and γ-CDs,
respectively. CDs can form inclusion complexes with different types of guest

molecules without the formation of chemical bonds or changing their structure,

where the binding forces are attributed to a number of weak interactive forces, such

as hydrophobic forces, hydrogen bonding, and other factors such as size of the

cavity and shape of the guest molecule.76

Functionalized, lipophilic α-, β-, and γ-cyclodextrins were synthesized and their

suitability as onium ion-selective potentiometric sensors was investigated. The

proposed electrodes showed Nernstian responses for acetylcholine chloride, dopa-

mine hydrochloride, and the surfactant myristyltrimethylammonium bromide

(MTMAB). In each instance, the electrode response was substantially enhanced

and stabilized by the presence of the lipophilic cyclodextrin.77

A PVC membrane ion-selective electrode suitable for the potentiometric

end-point detection in the titration of cationic surfactants was constructed by Khalil

et al.78 The active substance of the electrode was the neutral carrier dibenzo-18-

crown-6 using diisooctyl phthalate as plasticizer. The electrode had a pH working

range from 2.0 to 12.0 with a Nernstian behavior between 6.0� 10�6 and

1.6� 10�3 mol L�1 of hyamine 1622. Katsu and Nishimura79 evaluated eight

dioxadicarboxylic diamides as ionophores in PVC membrane electrodes for the

detection of hexylammonium ions. As reported, near-Nernstian response was

achieved and the selectivities were much better than those of the dibenzo-18-

crown-6-electrode.

A cyclic aza-oxa-cycloalkane, 7,13-bis(n-octyl)-1,4,10-trioxa-7,13-diazacyclo-
pentadecane (L1), was characterized and its interaction with anionic surfactants

studied.80 Different PVC membrane anionic surfactant-selective electrodes were

prepared using L1 as ionophore and o-NPOE, bis(2-ethylhexyl) sebacate (BEHS)

or DBP as plasticizers. The PVC-based membrane electrode containing o-NPOE as

plasticizer showed a Nernstian response with a slope of 57.7� 0.2 mV decade�1

for lauryl sulfate (LS) in a concentration range from 3.3� 10�6 to 6.7� 10�3 mol L�1

with a detection limit of 2.2� 10�6 mol L�1. The fabricated electrode was used for

the determination of anionic surfactants in several mixtures, and the results obtained

were compared to those found using a commercially available electrode. A similar

ligand (7-methyl-7,13-di-octyl-1,4,10-trioxa-13-aza-7-azonia-cyclopentadecane)
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was used as ionophore in the development of a LS ion-selective electrodes.81 The

characteristic performances of the sensor were as follows: the potentiometric

response was Nernstian with 59.5 mV decade�1 in a range of concentrations from

1.3� 10�6 to 6.8� 10�3 mol L�1 with a detection limit of 6.0� 10�7 mol L�1.

Moreover, the cyclam derivative 1,4,8,11-tetra(n-octyl)-1,4,8,11-tetraazacyclote-
tradecane (L) was used as a carrier for the preparation of PVC-based membrane

ion-selective electrodes for anionic surfactants in the presence of tetra-n-
octylammonium bromide (TOAB) as cationic additive.82 The electrode composition

was as follows: 56 % DBP, 3.4 % ionophore, 3.8 % TOAB, and 36.8 %

PVC. This electrode displays a Nernstian slope of 60.0� 0.9 mV decade�1 in

the concentration range from 2.0� 10�3 to 7.9� 10�6 mol L�1 DS� and a poor

response to common inorganic cations and anions. The selective sequence found

was DS�>ClO4
�>HCO3

�> SCN�>NO3
��CH3COO

�� I�>Cl�>Br�>
IO3

��NO2
�� SO3

2�>HPO4
2�>C2O4

2�> SO4
2�, i.e., basically following the

Hoffmeister series except for the hydrophilic anion bicarbonate. The electrode

could be used for 144 days without showing significant changes in the value of the

slope or the working range. The electrode showed a selective response to DS and a

poor response to common inorganic cations and anions.

Although symmetric ISEs have found a wide range of applications,54–83 they still

have certain inherent limitations; they are mechanically complex, and thus difficult

to be miniaturized. The internal reference solution increases the system’s imped-

ance and the electrode response time, in addition to a shorter lifetime due to

leaching of the electroactive material throughout both solutions in contact with

the membrane, and finally due to the internal compartment, which cannot withstand

high pressure.84

10.2.1.3 Solid Contact Electrodes

The increased interest in using ISEs has led to the development of new sensor

materials that show high selectivity for a variety of anions and cations and new

approaches for electrode construction. Several attempts have been made to elimi-

nate the internal reference electrode resulting in a solid-state sensor design. Exam-

ples of these types of sensors include coated wire electrodes, graphite rods,

graphite-based electrodes, and ion-selective field-effect transistors (ISFETs).

A new kind of all solid-state sensors was first reported by Cattrall and Freiser in

1971 in which the internal reference element was in direct contact with the sensing

membrane and thus contained no aqueous solution. The first group of such simpli-

fied sensors was those of the so-called coated wire construction type (CWE). In this

approach, a metal wire was dipped with a solution of PVC in THF containing also a

suitable electroactive material. During evaporation of the solvent, a PVC film on

the metal wire surface was formed.85 Although different materials such as platinum,

silver or sliver chloride, and aluminum could serve as central conductors, the nature

of the wire support had no substantial influence on the electrode performance if it

did not react with the membrane components.86
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Cottrell was the first who used a PVC-coated wire electrode for the determina-

tion of low concentrations of surfactants.87 Extensive articles and excellent over-

views on CWEs for the determination of surfactants were published by Vytras’s

group, who were very active in developing simple coated wire electrodes for

cationic and ampholytic surfactants especially during the 1980s.21,29,43,88–95

A method was described for the determination of nonionic surfactants containing

poly(oxyethylene) chains with sodium tetraphenylborate, based on the precipitation

of ternary compounds in the presence of bivalent metal ions (barium salts). Titra-

tions were monitored potentiometrically with a simple PVC membrane-coated

aluminum wire electrode plasticized with 2,4-dinitrophenyloctyl ether.94

Cations of the homologous series of N-alkyl-N-ethylpyrrolidinium salts were

determined with a good precision by a titration using sodium tetraphenylborate

using a simple CWE.95 The magnitude of both, the potential break and sharpness at

the inflexion point of the titration curve, was predetermined by the solubility of the

corresponding ion-pair in the membrane solvent and was affected by the nature of

the membrane plasticizer. The results showed that o-NPOE gave the highest ΔE,
which might be due to its high polarity. The author reported that the value of the

potentiometric titration break depended on the number of carbon atoms in the alkyl

chain.

More recently, a new, simple, sensitive, low cost, and rapid potentiometric

method for direct determination of ultra-trace amounts of SDS with a new DS�

selective electrode was reported.96 The electrode was prepared by electropoly-

merization of aniline on the surface of a Pt electrode in acidified solutions

containing DS� ions. The sensor showed a Nernstian behavior response of

59.0� 2.3 mV decade�1 over a very wide linear range from 1.0� 10�9 to

3.0� 10�6 mol L�1. The electrode exhibited high selectivity to DS� over other

ions and could be used for 4 weeks without any major deviations in the pH range of

3.5–9.8. The proposed electrode was applied to the determination of DS� in mouth

washing solution and tap water samples. The potentiometric behavior of coated

wire electrodes based on DBS-doped polypyrrole (PPy-DBS) and hyamine as ion

exchanger was investigated by Shafiee-Dastjerdi and Alizadeh.97 Two types of

coated wire electrodes made of PVC-PPy-DBS and PVC-hyamine-DBS, plasti-

cized with o-NPOE, showed Nernstian behavior (with respective calibration slopes
of about 58 and 60 mV per decade) within a concentration range of 3.0� 10�6 to

1.1� 10�3 and 5.0� 10�6 to 1.3� 10�3 mol L�1 DBS�, respectively. The poten-
tiometric response was independent from the pH of the test solution in the range of

3–10. The response time of electrodes was fast (10 s for both types of electrode),

and the electrodes could be used for at least 3 months without any significant

changes in the potential. DBS� was determined in some commercial detergents

with results in satisfactory agreement with those obtained by a standard method

(two-phase titration).

Data for cationic surfactant ions in common cleaners as determined with CWEs

were presented by Plesha et al.98 Dinonylnaphthalene sulfonic acid, tetraphe-

nylborate, and tetrakis (4-chlorophenyl)borate were examined as ion exchangers,

from which dinonylnaphthalene sulfonic acid showed to be the favorable agent. The
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ISEs exhibited approximately Nernstian behavior down to the 10�6 mol L�1 with

lifetimes over 50 days when used continuously, and a shelf life of over 100 days.

Selig was the first who used a spectroscopic graphite rod coated with a solution

of PVC and DOP in tetrahydrofuran for the potentiometric titration process.99 An

interesting membrane was constructed by Dowle and coworkers,100,101 where a

graphite rod was coated with PVC containing tritolyl phosphate (TPP) and an

appropriate ionophore (tetradecylammonium dodecyl sulfate) which is sensitive

to anionic surfactants. The fabricated electrode showed a linear measuring range

from 10�2 to 10�6 mol L�1 SDS with fast response time of 30 s. The sensor

operated well in ethanolic solutions (20 % v/v) and could be used under flow

conditions such as in HPLC. The disadvantages were a relatively poor lifetime

and the need to calibrate the electrode several times per day.

Nineteen quaternary ammonium salts including CTAB and 25 basic dyes were

potentiometrically titrated against Orange IV.102 The indicator electrode was a

carbon rod coated with a PVC membrane containing triheptyldodecylammonium

iodide (THDAI). The ammonium compounds containing alkyl groups of 14–18

carbon atoms showed well-defined titration curves with sensitivity in the concen-

tration range from 10�5 to 10�4 mol L�1.

An alternative approach for construction of solid contact electrodes can be also

applied by casting the sensitive membrane directly on the surface of a conductor

such as silver or a conductive carbon resin. Thus, two surfactant sensors were

prepared using hyamine 1622 or tetradodecylammonium (TDA) as cationic and

DBS as anionic surfactant.103 The sensing materials were incorporated in a PVC

matrix containing o-NPOE as a solvent mediator and applied on a support of a

conductive resin without inner reference solution. The responses of these electrodes

to DS and DBS as well as the interferences of several common inorganic anions and

anionic surfactants were examined. The membranes showed good performance for

use as a general potentiometric sensor responsive to anionic surfactants.

An automated FIA system with a throughput of 85 samples/h for the determi-

nation of low concentration levels of anionic surfactants in river water and waste-

water was developed by Saad et al.104 The system used specially constructed

tubular flow-through all solid-state ion-selective electrodes as potentiometric sen-

sors and on-line pre-concentration techniques. They showed a general response to

anionic surfactants with a lower detection limit of approximately 10�5 mol L�1.

Potentially interfering substances such as chloride, nitrate, and nonionic surfactants

were proved not to interfere. Matesic-Puac et al.105 prepared an all solid-state

surfactant-sensitive electrode based on a teflonized graphite conducting substrate

coated with a plasticized PVC membrane containing tetrahexyldecylammonium

dodecylsulfate (THDADS) as an anionic surfactant-sensing material. The electrode

was used as end-point indicator for potentiometric titrations.

An automated electronic tongue consisting of an array of potentiometric sensors

and an artificial neural network (ANN) was developed to resolve mixtures of

anionic surfactants. The sensor array was formed by five different flow-through

sensors for anionic surfactants, based on polyvinyl chloride membranes having

cross-sensitivity features.106

916 E. Khaled and H.Y. Aboul-Enein



ISFETs work as varieties of CWEs, incorporating the ion sensing membrane

directly on the gate of a FET. The construction is based on the technology to prepare

small multisensor systems with multiple gates, for sensing several ions simulta-

neously, while their small size permits the in vivo determination of analytes. An

ISFET device selective to anionic detergents, based on a PVC-sebacate membrane,

containing benzyldimethylcetylammonium cholate (BSCAC) as the ion exchanger

was characterized and applied for the determination of some anionic surfactants by

Campanella et al.107 The linearity range extended over 3–4 concentration decades

depending on the examined surfactant, within the range between about 10�6 and

10�3 mol L�1 in all cases. The proposed electrode could determine anionic surfac-

tants in standard aqueous solutions and in authentic matrices (lake and sea water).

The same author108 described three new ISFET devices based on polymeric selective

membranes sensitive to cationic surfactants. These sensors use a PVC-sebacate

matrix incorporating as exchanger benzyldimethylhexadecylammonium-reineckate

(BDHC-RN), dodecyltrimethylammonium-reineckate (DTA-RN), and

hexadecylpyridinium-phosphotungstate (HDP-PT), respectively. A characterization

of the ISFETs was performed and the analytical results were compared with those

obtained using other sensors such as ISEs equipped with the same exchanger or using

a biosensor responsive to cationic and anionic surfactants. Determinations of cationic

surfactants in aqueous matrices of environmental interest were carried out using the

sensor with the best performance. Furthermore, the critical micellar concentration

(CMC) of some cationic surfactants was also evaluated.

Sanchez and coworkers109 reported a new ISFET sensor for the determination of

anionic surfactants by titrations. The developed devices showed a lifetime longer

than 4 months, improving the reported values of PVC membrane-ISFETs. Other

characteristics were Nernstian slopes from 59 to 62 mV decade�1, with detection

limits of about 10�6 mol L�1. In a comparative study, there were no significant

differences between the results produced with the standard two-phase titration

method and the proposed potentiometric titration method. In a following publica-

tion, ISFETs based on a photocurable membrane sensitive to anionic surfactants

SDBS and DS were reported.110 The determination of the concentrations of the

surfactants was performed following a standard addition methodology using

ISFETs as sensors without any previous separation stages.

Mainly due to the sacrifice of the internal reference solution, solid contact

electrodes exhibit interesting properties: they can be machined in any shape, exhibit

faster responses, and facilitate the possibility to be operated in higher pressure

environments where symmetric ISEs might be damaged. Drawbacks of the above

construction are the poor reproducibility of the electrode potential and a drift that

can be related to the asymmetric membrane with no internal reference electrode and

filling solution. There is an ill-defined thermodynamic charge transfer at the

blocked interface (phase boundary) between the ion sensitive membrane with

ionic conductivity and the conducting substrate with electronic conductivity.112

For this reason, CWEs are better applied under hydrodynamic conditions, e.g., in

flow injection analysis, where the contact of the sample plug with the electrode

surface is brief.
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10.2.1.4 Carbon Paste Electrodes (CPEs)

Carbon paste electrodes (CPEs) were firstly reported by Adams in 1958 as a new

sensor material to overcome limitations of the dropping mercury electrode (DME)

caused by anodic dissolution of Hg at more positive potentials.112 Carbon pastes are

usually prepared by mixing of graphite powder and a pasting liquid (binder), using

an agate mortar and a pestle. The resulting paste with fine consistency is packed into

a piston driven electrode holder offering easy and quick surface regeneration which

is the most frequently emphasized advantage of CPEs. In addition, carbon paste has

advantages of ease of bulk modification compared with surface modification which

is usually more complex and time-consuming.42,113–115 The binder, or pasting

liquid, behaves similar to the plasticizer of the membrane electrodes. From

among the substances currently used, tricresyl phosphate (TCP) was recommended

in case of ISE potentiometry.116 Earlier, CPEs were classified as a special type of

solid and/or carbon electrodes. From the potentiometric point of view, the elec-

trodes are now classified as ion-selective electrodes with a liquid membrane as the

pasting liquid is present as a very thin film surrounding the carbon particles and

exhibits usually good extraction ability against ion associates composed of lipo-

philic species.117,118

Concerning the determination of surfactants, in 1997 Vytras’s group demon-

strated that carbon paste-based electrodes could also be used as potentiometric

sensors to monitor titrations of surfactants.117,119 When compared to PVC and CW

electrodes, CPEs had the advantages of very low Ohmic resistance, very short

response time in addition to the ease of fabrication and regeneration as well as long

functional lifetime. Jezkova et al.116 used perchlorate and fluoroborate ion-selective

carbon paste electrodes for both direct potentiometric measurements and potentio-

metric titration of perchlorate or fluoroborate with 0.1 M CPC. The electrodes had a

rapid response, low Ohmic resistance, and limits of detections and selectivity

similar to the limits of commercial membrane electrodes. A carbon paste electrode

incorporated with the ion association of CPC–thallium halo complexes was applied

as indicator electrode with the potentiometric titration of surfactants.120

10.2.1.5 Screen-Printed Electrodes

While CPEs continued to play a major role in the development of analytical

procedures applicable in laboratory or to test new analytical methodologies,113–115

their relatively large size diminishes commercialization. Over the past few years,

interest has been growing in the application of simple, rapid, inexpensive dispos-

able sensors for clinical, environmental, and industrial analysis. Screen printing

seems to be one of the most promising technologies allowing sensors to be

produced on a large scale with the advantages of optimized manufacturing repeat-

ability. Mass production at low cost makes them ideal for industrial commercial-

ization with long shelf-life time and applications in the field with portable small
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instruments.113,121–125 Historically, the first reports on single-use disposable strip

electrodes were dealing with amperometric biosensors by Wring and coworkers.126

Screen-printed electrodes (SPEs) are devices that are produced by printing

different inks on a suitable substrate. Through the application of this technique, it

is possible to fabricate a chip containing working, reference, and auxiliary electrode

or even multisensory array. Electrode fabrication requires an ink as a precursor,

which is typically a mixture containing at least three components113 (see also

Chap. 16 of Volume I):

1. Conductive particles having electroactive sites.

2. A polymer that can bind together these particles.

3. A solvent in which the ink components are dissolved or dispersed.

The mixture is liquid at room temperature, while after printing and curing at

suitable temperatures, a solid conductive film with surface electroactive sites is

produced. Commercially available inks are already tested and optimized under

various conditions.

In a comprehensive study, Khaled et al.127 fabricated a simple disposable

potentiometric sensor for the determination of surfactants. The proposed disposable

sensor, containing both working and reference electrodes, was fabricated by screen

printing technology using a homemade printing ink composed of carbon particle

and a plasticizer dissolved in a PVC/THF solution. It was expected that, when such

sensors were immersed in a stirred aqueous suspension of the ion-pair formed

during the potentiometric titration, their organic solvents (plasticizers) became

gradually saturated with the ion pair and there was no need for the addition of the

electroactive material to the electrode matrix.

Analytical performances of the printed electrodes were compared with those of

carbon paste, coated wire, coated graphite, and PVC polymeric membrane electrodes.

The printed electrodes showed very short response time reaching 3 s with adequate

shelf-life (6 months). The disposable sensor was successfully applied for the poten-

tiometric titration of five different cationic surfactants, namely CPC, hexadecyltri-

methylammonium bromide (HDTAB), DTAB, didodecyldimethylammonium

bromide (DDMAB), and septonex with NaTPB. Concerning the titration process,

the total potential changes and potential jump at the end-point were large (between

528 and 234 mV with potential jump ranging between 2,035 and 650 mV mL�1

titrant) which allowed the determination of 90 μg surfactant. The total potential

change decreased proportionally with decreasing hydrophobicity of the molecule

yielding the following series: CPC>HDTAB> Septonex>DDMAB>DTAB

(Fig. 10.1).

The proposed disposable strips were successfully used for the potentiometric

titration of cationic and anionic surfactants, pharmaceutical preparations, deter-

gents, and water samples with sensitivities comparable with the official method;

they also have the ability of field measurements using a portable titration system

(Fig. 10.2).

Similar sensors were fabricated using screen-printed electrodes for the determi-

nation of CPC,128 CTAB,129 and Septonex130 using different thick films modified
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by the corresponding ion associates of the surfactant with tetraphenyl borate. The

fabricated electrodes showed a stable, near-Nernstian response for 1� 10�2 to

1� 10�6 mol L�1 CPC at 25 �C over the pH range 2–8 with a slope of

60.66� 1.10 mV decade�1.

Fig. 10.1 Potentiometric

titration of different cationic

surfactants with

10�2 mol L�1 NaTPB using

SPCPEs as potentiometric

sensor. (Reprint with

permission from reference
(127). Copyright (2008)

Elsevier

Fig. 10.2 Schematic diagram of a portable system manifold used for the potentiometric titration

of surfactants in the field. (Reprint with permission from reference (127). Copyright (2008) Elsevier
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10.2.1.6 Commercial Surfactants Potentiometric Electrodes

In parallel to research considering surfactants sensors, some commercially surfac-

tant selective electrodes have been launched into the market. Orion model 93-42,131

ASTEC model TSE 01:91,132 and Metrohm “High Sense Tenside” are examples

with considerable long operational life time38,55 and is the most promising speci-

men on the market.39,56 It is stable over a wide pH range and its use permits

differentiation between some detergents in mixtures simply by changing the pH

of the analyzed sample.

The polyoxyethylene portion of nonionic surfactants forms pseudo-crown com-

pounds in the presence of barium ions which can be titrated with sodium tetraphe-

nylborate using the Orion surfactant electrode as an end-point indicator electrode.

An average recovery of 96.4 % can obtained for the determination of three standard

detergents.131 The described method has been used successfully in the routine

determination of nonionic surfactants.

A commercially available fluoroborate ion-selective indicator electrode was

used for the potentiometric titration of surfactants and soaps.132 The titrants were

HDTAC, hexadecylpyridinium chloride (HDPC), and diisobutylphenoxy-

ethoxyethyl-(dimethyl)benzylammonium chloride (DIPEBC).133 Similarly, Benoit

et al.134 titrated CTAB with sodium tetraphenylborate potentiometrically using a

commercial ClO4
� selective electrode. The method proved to be precise exhibiting

a relative standard deviation of 1.1 %.

10.2.2 Voltammetric and Amperometric Sensors

A surfactant is usually not electroactive from voltammetric and amperometric

view; therefore, it is necessary to apply an indirect technique using a solution

with a certain amount of an electroactive species (a marker) which is oxidized or

reduced at the working electrode. The current of the marker decreases in the

presence of a surfactant, which inhibits the electronic transfer at the electrode

surface, and the concentration of the analyte can be related to the magnitude of

the current decrease. For instance, Skoog et al.135 studied different surfactants by

their influence on the amperometric and cyclic voltammetric responses of

hexacyanoferrate. In a flow system, they noted that the presence of nonionic

surfactants had an irreversible blocking effect on the electrode response. The

suppression effect by a surfactant on the adsorptive voltammetric response of the

nickel dimethylglyoxime complex was also reported by Adeloju and Shaw136,137

using different types of working electrodes, such as an HMDE, a mercury-film

electrode, or a dropping mercury electrode. CPC and CTAB could be determined at

ultra-trace levels by indirect stripping voltammetry on a hanging Hg drop electrode.

The calibration graphs were linear up to 65, 5, and 0.5–3 mg L�1 for CPC, CTAB,

and DBS, respectively. The method was applied to the determination of the
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aforementioned surfactants in disinfectants, lozenges, and mouth wash. In some

cases the sample solution was subjected to cleanup through a chromatographic

column before analysis to eliminate matrix interference.

The study of the inhibition of parahydroquinone oxidation at a graphite electrode

in the presence of a surfactant (phospholipid) was reported by Schmidt and Emons.138

The decrease of the parahydroquinone oxidation peak was related to the surfactant

concentration. In a similar approach, using ferrocene in a CPE as a redox tracer, Kim

et al.139 determined different surfactants via modification of the ferrocene redox

behavior. In the presence of DS, the oxidation peak current of ferrocene was

enhanced by a factor of 3.5. A limitation of the technique was the analysis time

because the electrode-solution contact period was 1 h. Similarly, anionic polyelec-

trolytes were determined by adsorptive stripping voltammetry (ADSV) at a carbon

paste electrode in the presence of 11-ferrocenyltrimethylundecyl ammonium ions.140

The ion-association complex between an anionic polyelectrolyte and the ferrocenyl

cationic surfactant was adsorptively accumulated at the electrode in the absence of an

applied potential. The concentration of the anionic surfactant was indirectly evalu-

ated from the oxidation wave of the ferrocenyl cationic surfactant. By means of

AdSV, levels of anionic surfactants of 10�7 mol L�1 could be measured with good

selectivity.

The combination of ion-pair extraction and differential pulse polarography was

shown to be a method suitable for the determination of 10�7 mol L�1 of organic

quaternary ammonium bases using Orange II as an appropriate polarographically

active counter ion.141 The proposed method was used for the determination of

tetrapentylammonium bromide (TPAB), Septonex, and codeine. An indirect

voltammetric method for determination of CPC was proposed by Simunkova via

the extraction of the electroactive CP-picrate as a 1:1 ion associate into chloroform.

After drying the equivalent amount of picric acid in the extracted ion associate was

determined by differential pulse voltammetry (DVP) on a hanging mercury drop

electrode.142 The limit of determination was 0.136 mg L�1 with a relative standard

deviation less than 6 %. The CPC content in pastilles of an antiseptic medicament

(“Halset”) was determined with good accuracy. Moreover, other simple extractive

procedures were suggested for the determination of anionic surfactants.143,144 The

methods involved the formation of an extractable complex between the synthetic

surfactant anion and the bis-(ethylenediamine)-diaqua-copper(II) cation. It was

extracted into chloroform and then back-extracted into dilute acid. The resulting

Cu(II) ions were determined by AAS and ASV with good correlation. A limit of

detection of 5.0 μg L�1 anionic surfactant was observed with a linear calibration

from 5.0 to 500 μg L�1 in the sample.

In addition, few direct voltammetric procedures were suggested for the quanti-

fication of surfactants. Zhao and Zeng145 noticed that, in presence of L-cysteine,

CPC exhibited a sensitive cathodic stripping peak at about ~1.2 V. (vs. SCE).

The square root of the peak height was linear to the CPC concentration in the

range of 2–50 μM. A flow injection voltammetric method was developed for

the determination of surfactants and ethanol.146 Surfactants in waters and ethanol

in alcoholic drinks were determined.
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10.2.3 Surfactant Biosensors

During the last decades, many biosensors have been developed for monitoring

environmental parameters.145–148 With respect to surfactants, several biosensors

have been proposed that employ microorganisms, cells, or enzymes. In this way, a

bioreactor-type electrochemical sensor for the determination of linear alkylbenzene

sulfonates (LASs) was described.149 The detection principle is based on the fact

that, when LASs are biodegraded by certain bacteria, their respiratory activity in

solution increases with a concomitant decrease in dissolved oxygen. The latter can

be followed by an oxygen electrode positioned on-line in an appropriate flow setup.

A linear response up to 6 mg L�1 of LAS could be achieved in less than 15 min.

Applications to the determination of surfactants in river pollution were suggested.

Bacterial degraders as the base of an amperometric biosensor for the detection of

anionic surfactants were investigated by Taranova et al.150 Several strains belong-

ing to genera Pseudomonas and Achromobacter were characterized by their ability

to degrade anionic surfactants; they were tested as potential bases of microbial

biosensors. For each strain the author studied the substrate specificity and stability

of the sensor signals. Maximal signals were observed with anionic surfactants. The

lower limit of detection for DS used as a model surfactant in the field was 1 μM for

all strains. The microbial biosensor can extend the practical possibilities for rapid

evaluation of surfactants in water media.

A Pseudomonas rathonis T-based amperometric biosensor was constructed for

the detection of anionic surfactants.151 Microorganisms contained the plasmid for

the degradation of surfactant. The sensor had high sensitivity to DS (the lower limit

of DS detection was within the range from 0.25 to 0.75 mg L�1); the responses to

other detergents—volgonat, decylbenzene sulfonate, metaupon, toluene sulfonate,

and alkylbenzene sulfonate—were 82, 36, 20, 10, and 10 % of response to SDS,

respectively. As reported, the measurement time did not exceed 5 min.

The effect of nonionic surfactants in textile and tannery wastewater on the

bacterium Escherichia coli, immobilized in an Anopore membrane on the surface

of a screen printed carbon electrode, was studied.152 The amperometric response of

the sensor was monitored at +550 mV versus a chloridized silver wire electrode in a

vial with the neutralized sample and ferricyanide as a redox mediator. Toxicity was

measured by determining the degree of inhibition of the biosensor signal after an

exposure of 35 min. The observed toxicity of wastewater samples was attributed to

nonionic surfactants.

Some studies have recently indicated that some surfactants may inhibit cholin-

esterase (ChE) activity in aquatic animals.153,154 Indeed, the chemical properties of

surfactants can alter enzyme activities by binding or disrupting the enzyme struc-

ture.155 Evtugyn et al.156 investigated the influence of nonionic surfactants on the

response of cholinesterase-based potentiometric biosensors. The effect of surface-

active compounds depended on the hydrophilic properties and porosity of the

enzyme support material and the inhibition mechanism. In the range of mass per

volume (m/V) ratio 0.002–0.3 % the surfactants showed a reversible inhibiting
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effect on the biosensor response. At lower concentrations (down to mass per

volume ratio 10�4) the surfactants alter the analytical characteristics of reversible

and irreversible inhibitor determination.
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Chapter 11

Determination of Aromatic Hydrocarbons

and Their Derivatives

K. Peckova-Schwarzova, J. Zima, and J. Barek

Aromatic hydrocarbons and their derivatives are important environmental pollutants.

This chapter is devoted to their detection using either boron-doped diamond film

electrodes or carbon paste electrodes. Boron-doped diamond is a fascinating new

electrode material with extremely broad potential window, low noise, and high

resistance to passivation that make it very useful for environmental applications,

based both on anodic oxidations and cathodic reductions depending on the functional

groups present in target analyte. This is illustrated by numerous examples given in

Sect. 11.1. Carbon paste electrodes are well-established sensors in the field of

environmental analysis and their capability for detection of organic compounds is

well known. In this case, applications based on anodic oxidations prevail because of

problems with elimination of signal of oxygen contained in carbon paste. Easy

surface renewal, chemical modification, user friendliness, and broad spectrum of

described applications make carbon paste electrodes very popular sensors in envi-

ronmental detection of aromatic hydrocarbons and their derivatives which is

documented by Sect. 11.2.
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11.1 Determination of Aromatic Hydrocarbons

and Their Derivatives at Boron-Doped Diamond

Thin-Film Electrodes

11.1.1 Preparation, Characterization, and Properties
of Boron-Doped Diamond Thin Films

The introduction of boron-doped diamond (BDD) thin films in 1992 by Fujishima1

started a new era in electrochemical research. Over the past 20 years, it has become

apparent that the diamond-based electrodes are in many ways ideal as electrode

materials for electrochemistry and four main directions of their use have been

established: (1) electrochemical oxidation of environmental pollutants at BDD anodes

proposed for their quantitative conversion or destruction in wastewaters, (2) electro-

chemical disinfection of drinking and bathing water, (3) use of BDD electrodes in

electroanalysis as electrochemical sensors employed in voltammetric methods or

liquid flow methods (high-performance liquid chromatography (HPLC), flow injec-

tion analysis (FIA), capillary electrophoresis (CE)) for detection of organic and

inorganic species in environmental, biological, and pharmaceutical matrices), and

(4) electrochemical synthesis, in particular in the production of strong oxidizing agents

and in electroorganic synthesis.2–5 These four application proposals were developed

based on advantageous electrochemical, physical, and mechanical properties of BDD

thin films, e.g., very low capacitance resulting in low and stable background current,

wide potential range in aqueous and nonaqueousmedia, resistance to fouling resulting

in good responsiveness for many redox analytes without pretreatment, corrosion

resistance, high thermal conductivity, high hardness, and chemical inertness.6–9

For these purposes, various types of BDD electrodes differing in conductive

support and surface termination or its modification are produced. In general,

diamond thin films are grown from dilute mixtures of a hydrocarbon gas (e.g.,

methane) in hydrogen using one of several energy-assisted chemical vapor deposi-

tion (CVD) methods, the most popular being hot-filament and microwave plasma-

assisted CVD. In these processes, a carbon-containing gas is energetically activated

to decompose the molecules into methyl radicals and atomic hydrogen and depos-

ited on a suitable substrate, most frequently conductive silica wafers.

The growth methods mainly differ in the manner in which the gas activation is

accomplished. Typical growth conditions are as follows: 0.3–1.0 % CH4 in H2,

pressures of 10–150 Torr, substrate temperatures of 700–1,000 �C, and microwave

powers of 1,000–1,300 W, or filament temperatures up to ~2,800 �C, depending on

the methods used. The film grows by nucleation at rates in the 0.1–2 μm h�1 range.

For the substrates to be continuously coated with diamond, the nominal film thickness

must be ~1 μm. Boron doping is accomplished from the gas phase by mixing boron-

containing compounds such as B2H6, trimethylborane, or B2O3 with the source gases,

or from the solid state by gasifying a piece of hexagonal-boron nitride (h-BN). The

doping level can be as high as 15,000 ppm of boron in the gas phase, resulting in

boron carrier concentration in the final film 1� 1018 cm�3 to 1� 1021 cm�3 or

greater resulting in film resistivities <0.1 Ω cm.9,10
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The working procedure and conditions during CVD influence fundamentally the

quality and properties of BDD thin films: The boron-doping level, structural defects

in the diamond film, content of non-diamond (sp2) impurities, size of diamond

crystallites and crystallographic orientation, and surface termination (H, O) are the

main factors. For their characterization a wide scale of methods is being used: The

Raman spectroscopy is quite sensitive to the presence of non-diamond carbon

impurities. Scanning electron microscopy and scanning tunneling and atomic

force microscopies are used to evaluate the film morphology and probe the local

electronic properties. Powder X-ray diffraction analysis is used to investigate the

preferential crystallite orientation of the films. Surface elemental composition is

determined by Auger electron and X-ray photoelectron spectroscopies. Secondary

ion mass spectrometry is used to quantify the boron dopant concentration and probe

the spatial distribution of the dopant species over the surface and within the bulk.

Nevertheless, the linkage of the properties of the BDD film to its electrochemical

characteristics is not fully understood. Crucial role plays the termination of BDD

surface. While the freshly prepared BDD film contains hydrogenated aliphatic

structural moieties (sp3 hybridized, H-terminated surface), anodic oxidation of

BDD electrodes in aqueous solvents leads to O-termination, i.e., to the introduction

of different functionalities such as alcoholic, ketonic, and carboxylic groups into the

carbon skeleton. Nevertheless, sp2 impurities are also present after the CVD process

and the electrochemical reactions are linked to both sp2 active sites and BDD.11 For

some organic compounds, the cathodic pretreatment of the surface is advantageous.12

In electroanalysis, BDD electrodes are preferably used for electrooxidation, rather

than reduction. There are three basic mechanisms of electrooxidation at BDD elec-

trodes: (1) direct electrochemical oxidation on the BDD surface; (2) indirect

electrooxidationmediated by hydroxyl radicals produced at the BDD surface as a result

of water decomposition; and (3) indirect electrooxidationmediated by electrogenerated

oxidants, such as peroxodisulfates (in the presence of SO4
�) and active chlorine (in the

presence of Cl�). The (2) oxidation pathway is unique for BDD surfaces, because

analytes capable to be oxidized by hydroxyl radicals and not directly oxidizable at other

electrode materials can be oxidized within the potential window of BDD.

The aspects and applications concerning the redox reactions of organic com-

pounds at BDD electrodes were reviewed recently,13–18 and also by our

group.14,18–20 Further, reviews on general electrochemical properties21 and surface

modifications,22–24 electrosynthesis and anodic waste treatment,25–28 and electro-

analytical applications including BDD-based biosensors24,29 appeared in last

5 years together with compact reviews30–32 and books devoted to diamond electro-

chemistry, physics, and applications.7,33

11.1.2 Applicability

In this chapter, the electrochemical approaches for determination of redox-active

environmental pollutants by means of BDD-based sensors and BDD electrodes

using batch-experimental setup are presented. Mostly model samples prepared by
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spiking of analyzed matrices by the studied substances were used for verification of

the practical applicability of the developed methods.

In Table 11.1, there are selected examples of organic contaminants of water, soil,

and atmosphere investigated so far for any purpose by batch voltammetric methods

Table 11.1 Selected applications of BDD-based sensors in environmental analysis

Analyte

BDD electrode,

pretreatmenta Method Matrix

LD
b

(μmol L�1), Refs.

Phenolic compounds

4-Chlorophenol

4-Chlorophenolc
HFCVD BDD, AT

at +3.0 V followed

by CT at �3.0 V,

30 min of each

SWV

SWV

Bulk

solution

River

water

0.16d

0.31

47,51

4-Chlorophenol Commercial

polished BDD,112

60 s of ultrasound or

AT at +5.0 V

followed by CT at

�5.0 V, 10 s of each

in 0.1 M HNO3

Sono-CV Bulk

solution

1e 48

Pentachlorophenol HFCVD BDD, AT

+CT as in reference

(51), polarized at

�3.0 V for 30 s

between scans

SWV Bulk

solution

River

water

Soil

0.020

0.056d

Not given

50,53

Methylparaben,

ethylparaben,

propylparaben

Commercial

polished BDD,113

oxidation by CV

between large

potential limits in

neutral media

CV

ChrA

Bulk solu-

tion

Bulk

solution

1.5, 1.97,

3.6

0.7, 1.03,

0.97f

65

Bisphenol A Commercial

BDD,114 CT at

�250 mA cm�2 for

180 s

DPV Bulk

solution

Tap and

lake water

0.21e

Not given

67

Phenol

Hydroquinone

4-Nitrophenol

MPCVD BDDg CV

DPV

Bulk

solution

CVh,i,

DPVh,i

8.2, 1.82

12, 1.67

11, 1.44

60,61

4-Nitrophenol HFCVD BDD,

pretreatment as in

reference (69)

SWV Bulk solu-

tion

River

water

0.068j,

0.101k

0.382j,

0.441d,k

56–58

4-Nitrophenol Commercial

BDD,114 AT at +3.0

(5 s) followed by CT

at �3.0 V (30 s) in

0.5 M H2SO4

Sono-SWV Bulk

solution

0.093j

0.062d,k

55

(continued)
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Table 11.1 (continued)

Analyte

BDD electrode,

pretreatmenta Method Matrix

LD
b

(μmol L�1), Refs.

4-Nitrophenol

2,4-Dinitrophenol

2-Nitrophenol

Commercial

BDD,113 oxidation

by repeated cycling

between �2.5 V and

+2.5 V in 1MHNO3

DPVj,k

Deionized

water

Drinking

water

River

water

Deionized

water

Drinking

water

River

water

Deionized

water

Drinking

water

River

water

direct/after

SPEf

0.5j, 0.1k/

0.03k

1j, 0.1k/

0.04k

1j, 0.1k/0.2k

0.3j, 0.1k/

0.02k

0.5j, 0.1k/

0.02k

0.3j, 0.6k/

0.2k

0.3k/0.02k

0.2k/0.02k

0.1k/0.2k

42

Monocyclic and polycyclic aromatic hydrocarbons

Pyrene Commercial

BDD,113 AT in

phosphoric acid/

acetonitrile at

+2.5 V for 10 min

Amperometry

at rotating

BDD

Bulk

solution

0.0005 78

Benzene HFCVD BDD, AT

+CT as in reference

(51)

CV Bulk

solution

Not given 81

Benzo(a)pyrene Commercial

polished BDD,113

manual polishing by

Al2O3 slurry

followed by AT at

+1.3 V for 30 s

AdS-SWV Blank

solution

Tap water

0.00286

0.0102

80

Amino-, nitro-, and hydroxy derivatives of polycyclic aromatic hydrocarbons

3-Amino-

fluoranthene

Si(100), MPCVD

nanocrystalline

BDD

DPV Bulk

solution

0.2l 91

1-AN, 2-AN Si(100), MPCVD

microcrystalline

BDD, AT at +2.4 V

for 60 s

DPV Bulk

solution

0.89, 0.44f 90

2-AB, 3-AB

4-AB

Si(100), MPCVD

nanocrystalline

BDD

DPV Bulk

solution

0.12, 0.13

0.25l

89

(continued)
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Table 11.1 (continued)

Analyte

BDD electrode,

pretreatmenta Method Matrix

LD
b

(μmol L�1), Refs.

1-Aminopyrene

1-Nitropyrene

1-Hydroxypyrene

Commercial

polished BDD113
DPV Bulk

solution

0.06

0.3

0.1

92

3-Nitro-

fluoranthene

Si(100), MPCVD

nanocrystalline

BDD

DPV Bulk

solution

0.03m 91

Agrochemicals

Carbaryl HFCVD BDD, AT

+CT as in reference

(51)

SWV Bulk

solution

River

water

0.14d

0.16

54

Carbendazime

fenamiphosn
Commercial

BDD,114 AT at +3.0

(10 min) followed

by CT at �3.0 V

(10 min) in 0.5 M

H2SO4

SWV Bulk

solution

River

water

0.12, 0.10d

0.41, 0.10

95

Methyl parathion Commercial

BDD,114 AT at +3.0

(1 s) followed by CT

at �3.0 V (30 s) in

0.5 M H2SO4

Sono-SWV Bulk

solution

0.019d,k 97

Parathion HFCVD BDD, AT

+CT as in reference

(51)

SWV Bulk

solution

River

water

0.030m

0.132

96

Other compounds

Oxalic acid in the

presence of 4-CP

Commercial

polished BDD,113

oxidation by three

repetitive cycling

between �0.5 V to

+1.75 V in 0.1 M

Na2SO4

ChrA, DPV Bulk

solution

Not given 62

Escherichia coli
(detection of

2-NP)o

Commercial

BDD,113 cleaning

when passivated by

40 cycles from

+1.0 V to �1.7 V

range

Amperometry Foodstuffs

Tap water

400 cells

mL�1h

115

aIf no details are given, as deposited polycrystalline H-terminated electrodes and undefined silica

support used. AT — anodic treatment; CT — cathodic treatment
bIn the presence of 2,4-DCP+2,4,6-TCP
cno intentional AT, nevertheless BDD presumably oxygen-terminated due to experiments at high

anodic potentials
dSimultaneous voltammetric determination;e oxidative determination;
eExperimental LD — the first appearance of a limiting-current wave
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using BDD electrodes. These contaminants include phenolic compounds including

chlorinated phenols (CPs) and nitrophenols (NPs), several pesticides, and mono-

cyclic and polycyclic aromatic hydrocarbons and their derivatives. The table

contains for each analyte methods and conditions used, further characterization of

used BDD electrode, matrix, and achieved limit of detection (LD). The electro-

chemistry of other biological active compounds not considered as environmental

pollutants is not included in detail and more on these studies on BDD electrodes can

be found in several reviews and monographs published recently.7,14,17

11.2 Detection at BDD-Based Sensors

in Bulk Measurements

11.2.1 Phenolic Compounds

Phenolic type compounds are among the most frequent environmental pollutants,

especiallywhen consideringwater pollution.Manyof these compoundswere included

in theUSEnvironmental ProtectionAgency (USEPA) list of priority pollutants.34 The

Table 11.1 (continued)

fLD = 3σ/m, LQ = 10σ/m where σ is the standard deviation of the signal measured for the lowest

analyte concentration corresponding to calibration plot
gNo intentional AT, nevertheless BDD presumably oxygen-terminated due to experiments at high

anodic potentials
hdetection of 2-NP released from o-nitrophenyl-b-D-galactopyranose as catalyzed by b -galacto-

sidase, a tetramer of Escherichia coli; A LD for S/N = 3, if not otherwise specified; B LD = 3sb/m,

LQ = 10sb/m where sb is the standard deviation of the mean of the current of the blank in

amperometric detection or current at the peak potential for repeated voltammograms of the blank

solution, m is slope of the analytical curve; C experimental LD – the first appearance of a limiting-

current wave; D LD = 3σ/m, LQ = 10σ/m where σ is the standard deviation of the signal measured

for the lowest analyte concentration corresponding to calibration plot, E no details on calculation

given; F LQ calculated using statistic software ADSTAT version 2.0 (Trilobyte, Czech Republic).

This software uses confidence bands (a = 0.05) for calculation of the LOQ. It corresponds to the

lowest signal for which relative standard deviation RSD is equal 0.1; G LQ = yb + 10sb , where

intercept value yb and standard deviation of the slope sb are calculated from the analytical curve
iSimultaneous voltammetric determination
jOxidative determination
kReductive determination
lLQ calculated using statistic software ADSTAT version 2.0 (Trilobyte, Czech Republic). This

software uses confidence bands (α¼ 0.05) for calculation of the LOQ. It corresponds to the lowest
signal for which relative standard deviation RSD is equal 0.1
mLQ¼ yb+ 10sb, where intercept value yb and standard deviation of the slope sb are calculated from
the analytical curve
nSimultaneous determination possible
oDetection of 2-NP released from o-nitrophenyl-β-D-galactopyranose as catalyzed by

β-galactosidase, a tetramer of Escherichia coli
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most important class includes chlorophenols (CPs) with 2-chlorophenol (2-CP),

2,4-dichlorophenol (2,4-DCP), 2,4,6-trichlorophenol (2,4,6-TCP), pentachlorophenol

(PCP), and parachlorometacresol on the list. Non-chlorinated phenols are represented

by nitrophenols (2-nitrophenols, 4-nitrophenol, 2,4-dinitrophenol, 4,6-dinitro-o-cre-
sol), phenol, and 2,4-dimethylphenol on the list.

Chlorinated phenols enter the aquatic environment as by-products of industrial

processes, such as the production of antioxidants, dyes, and drugs. In drinking water

they occur as a result of the chlorination of phenols, as by-products of reactions

with phenolic acids, as biocides, or as degradation products of phenoxy herbicides

and chlorinated bleaching of paper.35–37 CP concentration in drinking water usually

does not exceed 1 μg L�1, which is the US EPA’s maximum allowable contaminant

level (MCL) for drinking water for pentachlorophenol, the only listed CP.38

Nitrophenols are present in numerous food-processing wastewaters such as those

from wine distilleries, olive oil factories, boiling cork process, as well as other

industrial synthetic effluents. Further, they originate from oxidation of many

pesticides including parathion and other organophosphorus pesticides39–41 or as

reactants or intermediates in pesticide production and thus are important soil,

agricultural, industrial, and municipal water pollutants. Many national health agen-

cies set their own limits for them in these matrices. The US EPA has restricted the

concentration of 2-nitrophenol, 4-nitrophenol, and 2,4-dinitrophenol to 10 μg L�1

in natural water (corresponds to 5� 10�8 mol L�1 for 2,4-DNP and

7� 10�8 mol L�1 for 2-NP and 4-NP).42

Electroanalysis of phenol derivatives including CPs is commonly problematic at

most solid electrodes mainly due to the electrode passivation resulting from oxida-

tion products. The studies on reaction mechanism of electrooxidation of phe-

nol5,43,44 and CPs45,46 in acidic media at BDD electrodes revealed that in the

potential region of water stability direct electron transfer can occur on BDD surface

at the potential of +800 to +1,400 mV forming phenoxy radical species with

possible electrode fouling due to the formation of a polymeric film on its surface.

The formation of o- and p-benzoquinone as the main products of phenol oxidation

at BDD electrodes was confirmed by Terashima et al.46 The comparative studies on

the electrooxidation of selected chlorophenols on glassy carbon and BDD elec-

trodes reported similar46 or slightly higher11 oxidation potential on the latter one.

To prevent the passivation, the successful strategy for BDD electrodes includes

the oxidation at highly anodic potential in the region of water decomposition.

Hydroxyl radicals produced by the high applied potential are believed to be

responsible for the oxidation of the passivating layer. This concept was successfully

applied also for selected dichloro- and trichlorophenols,11,46 which are presumably

more prone to inactivation of electrode surface than mono-substituted CPs.18 For

them the detection at BDD electrodes is possible even without any electrochemical

remediation of the electrode surface as demonstrated for phenol, 2-chlorophenol

(2-CP), and 4-chlorophenol (4-CP).45,47

The other three approaches to overcome the fouling problems include the use of

power ultrasound during the electrooxidation, which enhances also the oxidation

current signal due to more efficient mass transport as demonstrated for 4-CP48 and
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other substituted phenols,49 the use of acidic methanol supporting electrolyte as it

provides reasonable solubility of the intermediates and reaction product, or the use

of media with microemulsion-containing surfactants that increase the solubility of

phenolic compounds.11

The several studies aiming at determination of CPs in natural waters were

published by Avaca et al.47,50,51: Direct determination of 4-CP using square-wave

voltammetry (SWV) at BDD electrode in Britton–Robinson (BR) buffer, pH 6

without any electrode pretreatment was reported with LQ 6.4 μg L�1 for pure and

21.5 μg L�1 for polluted river water. These achieved detection limits are satisfac-

tory for the US EPA’s concentration limit of 100 μg L�1 for surface waters52 and

show that the technique is analytically useful over a concentration range where

aquatic 4-CP pollution is known to occur. In the next study the same authors

focused on the use of SWV for simultaneous determination of 4-CP, 2,4-DCP,

and 2,4,6-TCP51 using mathematical deconvolution procedure to separate the

unique voltammetric peak of each compound. The limit of quantitation (LQ) for
4-CP in the presence of the other analytes of 0.072 μmol L�1 (9.2 μg L�1) for pure

water and 0.329 μmol L�1 (42.2 μg L�1) for river water was achieved. Specialized

methods were developed for direct determination of PCP in natural waters, as this

persistent pesticide is widely used for wood preservation and can be used as model

compound for the development of new analytical techniques. When using BR

buffer, pH 5.5 as the supporting electrolyte and SWV, PCP oxidation occurs at

+0.80 V vs. Ag/AgCl in a two-electron process controlled by adsorption of the

species.50 The SWV signal reproducibility (relative standard deviation (RSD) 1.3 %

for c(PCP)¼ 5� 10�5 mol L�1, n¼ 5) was achieved by rinsing of the electrode

surface with water and polarization at �3.0 V for 30 s after each measurement. The

detection limits obtained were 0.02 μmol L�1 (5.5 μg L�1) in pure water and

0.056 μmol L�1 (15.5 μg L�1) for contaminated river water which is just about

the guideline value recommended by World Health Organization (WHO) for

drinking water (9 μg L�1, i.e., 0.033 μmol L�1). However, extraction and

preconcentration of PCP from this matrix followed by analogous determination at

BDD electrode should be easily feasible. In the next study, the same authors

focused on the determination of PCP in contaminated soil from a chemical

plant.53 The soil samples were extracted with hexane for 3 h in Soxhlet apparatus.

The organic extract was evaporated and reconstituted in 1.5 mL of acetonitrile,

which was analyzed by SWV at BDD or Au microelectrode as well as by HPLC/UV

or GC/MS for validation of the results and identification of other soil components.

For SWV at BDD, 0.25 mL of the acetonitrile fraction was simply added to 20 mL

of BR buffer, pH 5 and analyzed using standard addition method. In addition to the

PCP, the peak of its degradation product o-tetrachlorobenzoquinone (o-chloranil)
was identified. Recovering experiments for PCP quantitation in soil showed good

agreement of results obtained by electroanalytical determinations (27.5 mg kg�1)

and HPLC/UV analysis (26.8 mg kg�1). This application reveals that a simple

voltammetric method can represent useful alternative to officially approved, but

more expensive and time-demanding method.
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Further voltammetric studies were devoted to nitrophenols42,54–58 and

aminonitrophenols59 which may be determined at BDD electrodes by both the

hydroxyl, respective amino group oxidation and nitro group reduction. This was

clearly demonstrated for 2-nitrophenol (2-NP), 4-nitrophenol (4-NP), and

2,4-dinitrophenol (2,4-DNP), at anodically oxidized BDD electrode.42 Using dif-

ferential pulse voltammetry (DPV), the electrochemical reduction was more sensi-

tive than the oxidation (for 4-NP demonstrated in Fig. 11.1). Direct reductive

determination of these analytes in drinking and river water resulted in LQs of 0.1–
0.6 μmol L�1, and preconcentration step using solid-phase extraction lowered LQs
to 0.02–0.04 μmol L�1 for drinking and 0.2 μmol L�1 for river water. These

detection limits are about the US EPA limits mentioned above. Comparable LQs
were reported for SWV determination of 4-NP,56–58 when the LQs varied between

9.4 and 53.1 μg L�1 (i.e., 0.067 and 0.38 μmol L�1) for the oxidation process and

between 14.1 and 61.3 μg L�1 (i.e., 0.10 and 0.44 μmol L�1) for the reduction

process, depending on water sample (either deionized or river water), which was

comparable to results achieved by SWV at HMDE. Lower quantitation limits 12.9

and 8.6 μg L�1 (i.e., 0.092 and 0.061 μmol L�1) for oxidative, respective reductive

determination were obtained when sonication was employed due to enhanced

transport of 4-NP towards the electrode surface.55 Codognoto et al.54 demonstrated

that using SWV, the oxidation peak of 4-NP does not coincide with signals of some

organophosphorus or carbamate pesticides. This is an important issue, because

4-NP is their common degradation product. All mentioned methods are promising

regarding the water analysis, as they are simple, convenient, and inexpensive.

Further studies were devoted to detection of phenolic compounds and

their degradation products during anodic treatment of wastewaters. Lei and
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Zhao60,61 developed a DPV method for the simultaneous direct determination of

hydroquinone, phenol, and 4-NP potentially applicable for wastewater analysis.

These environmental pollutants gave consecutive oxidation peaks at the potentials

of +0.76 V, +1.24 V, and +1.52 V and detection limits of phenol, hydroquinone, and

4-NP were estimated to be 1.82 μmol L�1 (184 μg L�1), 1.67 μmol L�1

(171 μg L�1), and 1.44 μmol L�1 (200 μg L�1), respectively. A DPV and

chronoamperometric method was suggested for the simultaneous determination of

4-CP and oxalic acid, which is a common intermediate or end product of advanced

oxidation procedures using indirect treatment of wastewater at BDD and other

anodes. As the oxidation of oxalic acid proceeds very close to the potential limit

of oxygen evolution at BDD electrodes, i.e., more positive than the electrooxidation

of CPs, their simultaneous, as well as individual determination in treated wastewa-

ter is possible.62 Gallic acid, as a common representative of phenolic type com-

pounds present in numerous food-processing wastewaters, was also investigated by

means of BDD electrodes for the purpose of its quantitative mineralization and

characterization of electrochemical behavior.63 Its anodic peak appears at similar

potential of structurally similar phenolic compounds (e.g., caffeic acid, chlorogenic

acid) occurring in food-processing wastewaters64; thus a preliminary separation

would have to be employed to determine particular contaminants.

Among phenolic compounds are further suspective endocrine disrupting com-

pounds (EDC) – parabens and bisphenol A. The paraben preservatives, acting

simultaneously as antimicrobial agents and antioxidants, improve the stability of

the food and pharmaceutical products and prevent rancidness in products

containing lipids or fats.65 Since 2004, when they have been found in biopsies

from breast tumors,66 the results of intensive research on their toxicity indicate that

parabens are linked to cancer, reproductive toxicity, immunotoxicity, neurotoxicity,

and skin irritation, and are suspected EDC. Similarly, bisphenol A, used as plasti-

cizer, act as xenoestrogen and its use in baby bottles has been recently banned in the

European Union, Canada, and the USA. These personal care products and plasti-

cizers have the potential to enter the water supply through treated and untreated

sewage. Bisphenol A was determined at cathodically pretreated BDD at

submicromolar concentration and it was demonstrated that the recovery of known

concentration of bisphenol A in tap and lake water determined by DPV is close to

100 %.67 The alkyl parabens are often used in combination. Nevertheless, based on

their similar susceptibility to anodic oxidation at BDD electrode, an “overall

paraben index” was defined especially by chronoamperometric data. Further, the

assessment of the stability and the saturation solubility in both double-distilled and

tap water of the relatively slightly water-soluble alkyl parabens was easily carried

out using the electrochemical alternatives. This is an important environmental

aspect due to the presence of alkyl parabens in municipal wastewater and their

accidental occurrence in natural river or even tap water.65 Otherwise, an HPLC

method was developed for the determination of alkyl parabens in shampoo with

BDD electrode serving as indicator electrode in an amperometric thin-layer detec-

tion cell. This is a desirable approach for analysis of all complex matrices, because

the electrooxidation of phenolic compounds occurs usually in a narrow potential
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range and only compounds of the hydroquinone type or derivatives possessing

groups with distinct negative or positive inductive effect at the aromatic skeleton

can alter the oxidation potential of a phenol-type compound so that the simulta-

neous determination of more phenols is possible, as, e.g., in the abovementioned

study on hydroquinone, phenol, and 4-NP.60,61 Otherwise, batch voltammetric

methods can offer determination of total phenol content68 or separation step using

HPLC or electrophoretic methods has to be employed.

Increased selectivity and prevention of passivation of the BDD surface may be

also achieved by its modification. An enzyme-based amperometric sensor was

proposed for detection of phenolic compounds by Notsu et al.69: BDD was anod-

ically polarized for the introduction of hydroxyl groups onto its surface, then treated

with (3-aminopropyl)triethoxysilane (APTES), and finally coated with a tyrosinase

film cross-linked with glutaraldehyde. Tyrosinase catalyzes oxidation of phenol and

various phenol derivatives to o-benzoquinone derivatives via catechol derivatives

and thus the quinones generated are ready to be reduced electrochemically at an

appropriate potential and obtained reduction currents serve as good analytical

signals for the determination of the phenol derivatives. Bisphenol A and 17-

β-estradiol were detected at �0.3 V vs. Ag/AgCl with the detection limit of

1 μmol L�1 in FIA. However, the biosensor retained its activity only for a few

days due to weak bonding of APTES to BDD surface.

Improved stability of tyrosinase-based BDD biosensor was reported by Zhi’s

group.70,71 They combined chemical and electrochemical modifications of BDD

film with 4-nitrobenzenediazonium tetrafluoroborate to produce aminophenyl-

modified BDD, followed by immobilizing tyrosinase covalently at the BDD surface

via carbodiimide coupling. They used this sensor for detection of phenol, p-cresol,
and 4-CP and reported 90 % of its original activity after intermittent use for

5 weeks. In all mentioned studies on tyrosinase-based BDD aminosensor no

applications on analysis of model or real matrices are presented.

11.2.2 Monocyclic and Polycyclic Aromatic Hydrocarbons

Monocyclic and polycyclic aromatic hydrocarbons (PAHs) constitute a group of

priority pollutants which are widespread and found in air, water, and terrestrial and

biological systems and may transfer between these resources, typically from a soil

resource into groundwater, or by transport of particulate soil PAH in the

atmosphere.72

The simple aromatics are usually used as solvents, chemical reactants, or

intermediates and for blending of petrol, so they enter the environment usually

from industrial effluents or atmospheric pollution. The humans’ exposure to them

may be increased due to smoking or heavy traffic. WHO recommends guideline

values for drinking water for benzene, toluene, xylenes, and styrene. The lowest

limit (10 μg L�1, i.e., 0.13 μmol L�1) is set for benzene, a proved human carcinogen

(International Agency for Research on Cancer (IARC) group 1, reference (73)). The
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common concentrations of these compounds in drinking and surface water are a few

μg L�1; higher concentrations were found due to point emissions.74

PAHs enter the environment via the atmosphere from a variety of combustion

processes and pyrolysis sources (see WHO review75). In contrary to simple aro-

matics, they are owing to their low water solubility and high affinity for particulate

matter usually not found in natural water in notable concentrations; their levels are

usually in the range of 0–5 ng L�1. Nevertheless, in contaminated groundwater their

concentration may exceed 10 μg L�1.76 This value also represents the limit for the

sum of selected PAHs of some national agencies.77 Besides the sum of PAHs, the

limits for individual PAHs may be enforceable. WHO recommends the guideline

values for drinking water for benzo[a]pyrene (IARC group 1, reference (73)). The

US EPA priority list of pollutants registers 16 PAHs (naphthalene, acenaphthylene,

acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benz(a)
anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)
pyrene, dibenz(a,h)anthracene, benzo(g,h,i)perylene, indeno(1,2,3-c,d )pyrene).
All of them were investigated on oxidized BDD electrode.78 While naphthalene,

acenaphthene, fluorene, phenanthrene, and anthracene displayed oxidation peaks in

the region of +1.16 to +1.75 V, the other PAHs investigated were oxidized nearer to

the onset of background current caused by oxygen evolution reaction and thus

displayed more positive onset of the current compared to the background current.

Nevertheless, the difference of both currents at +1.8 to +1.9 V vs. Ag/AgCl

was utilized for batch amperometric determination of pyrene at rotating BDD

(LD 0.5 nmol L�1) or amperometric detection in HPLC-ED after separation of all

analytes with detection limits in the 10�8 mol L�1 (i.e., units of μg L�1) concen-

tration range. These limits meet or exceed those specified in HPLC methods using

UV or laser-induced fluorescence or the official US EPA Method 550 (liquid-

liquid extraction and HPLC with coupled UV and fluorescence detection79), even

for PAHs displaying no clear oxidation peak in cyclic voltammetry

(CV) experiments. This study undoubtedly represents a promise for the determi-

nation of PAHs in various environmental matrices and is an excellent example of

the extraordinary versatile use of BDD electrodes in electroanalysis, as PAHs are

hardly detectable at other carbon-based electrodes.80

First attempts were also made to the use of adsorptive stripping voltammetry

together with a medium exchange procedure in aqueous and aqueous/surfactant

solutions for the determination of benzo(a)pyrene.80 In the presence of sodium

dodecyl sulfate (SDS), cetyl trimethylammonium bromide (CTAB), and Tween

80, the oxidation signal of benzo(a)pyrene is increased by the factor 10–18 com-

pared to surfactant-free media, because the lipophilic analyte interacts with the

hydrophobic moiety of the surfactant accumulated on electrode surface. The trans-

fer eliminates the problem with potential interferents that are electrochemically

active but do not adsorb or adsorb slightly at the electrode surface. The use of

surfactant also lowers the problems with hazardous organic solvents potentially

used either for extraction purposes or in subsequent separation and detection step

when using liquid flow or other methods. The applicability of the proposed meth-

odology was tested on spiked tap water samples in the presence of selected cations
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and anions and other PAHs as possible interferents. The detection limit for tap

water – 10.2 nmol L�1 (2.57 ng mL�1) – is higher than the maximum contaminant

level set at 0.2 ng mL�1 by the US EPA; nevertheless, it is lower than maximum

amount of benzo(a)pyrene allowed in wastewater (61 ng mL�1) revealing the

promising outlooks of this method in environmental analysis.

The other scare reports on the use of BDD for oxidation of simple aromatics and

PAHs include the pioneering study on benzene oxidation published byOliveira et al.81

They used anodically oxidized electrodes (removal of the hydrophobic film)

consecutively polarized at high negative potential (�3.0 V) for surface conditioning.

This cathodic polarization enhances and stabilizes the electrochemical response, as

shown previously on the example of PCP and 4-CP.12,50,51 The CV studies indicate

that benzene is irreversibly oxidized in acidic medium (0.5 mol L�1 H2SO4) on BDD

at +2.0 V vs. Ag/AgCl in a diffusion-controlled process, presumably caused by

indirect oxidation of benzene by OH radicals produced by water electrolysis on the

BDD electrode. This reaction way can be foreseen also for electrooxidation of 1,3,5-

trimethylbenzene.82 In general, for the electroanalysis of monocyclic and polycyclic

aromatic hydrocarbons and other compounds oxidizable at far positive potentials in

acidicmedia ormixed aqueous acidic-acetonitrile media are recommendable, because

they offer the largest potential window in anodic region. Additions of other organic

solvents, e.g., aliphatic alcohols, lower substantially the potential window as these

themselves undergo electrooxidation mediated by OH radicals at BDD electrodes.83

The last interesting example on the use of BDD determination of aromatic

hydrocarbons is a BDD microelectronic gas sensor constructed by Gurbuz

et al.,84 who proposed it to detect volatile organics, i.e., benzene and toluene in

soil/subsoil, and so locate potential oil reservoirs or environmental pollution. This

seems usable with regard to protection of drinking water, as these compounds may

also penetrate from contaminated soil through plastic pipes into it. The sensor

consists of three important layers – catalytic metal (Pd), intrinsic-diamond, and

BDD layer – and registries changes of transient characteristics after analyte adsorp-

tion at the Pd/i-diamond interface.

11.2.3 Derivatives of Monocyclic and Polycyclic
Aromatic Hydrocarbons

Substituted PAHs belong among important environmental pollutants as reviewed

by IARC85 and WHO86 and may have higher toxicity than the parent PAHs.

Amino-, hydroxy-, and nitro-derivatives of PAHs are formed by atmospheric

photochemical PAH reactions and are distributed between the gas and particulate

phase depending on their physicochemical properties. Thus, they can be detected in

atmosphere, soil, and water as well as in various consumable products. The problem

for the analysis consists in the complexity of the matrices, myriad of interfering

substances, and low analyte concentration as highlighted recently in a review on the

analysis of amines in the environment.87
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The easily reducible nitro- and oxidizable amino and hydroxy derivatives

of PAHs have been extensively studied in our group and the results obtained for

BDD electrodes were summarized in several recent reviews.14,19,20,88 The amino

derivatives of biphenyl,89 naphthalene,90 fluoranthene,91 and pyrene92 were

investigated by batch voltammetric methods in aqueous or mixed aqueous-organic

media and they are oxidized in the potential range of 0 to +0.7 V with drop of the

peak potential with increasing pH. The first, one-electron oxidation step corre-

sponds to the formation of nitrene cation radicals that are susceptible to subsequent

reactions forming polymeric films fouling the electrode surface at other electrode

materials. Nevertheless, they do not cause any serious problems at bare BDD

electrodes and rinsing of their surface by an organic solvent or mixing of the

analyzed solution between the individual scans usually assures repeatable results.

Under optimized conditions, simultaneous determination of some amino deriva-

tives using DPV is possible, when the difference of the peak potentials is higher

than 150 mV as demonstrated on the example of biphenyl amino derivatives.90 The

detection limits for DPV methods are in the concentration ranges 10�7 to

10�8 mol L�1; slightly lower limits are usually achieved when the BDD electrode

is employed for amperomeric detection in FIA or HPLC. Naturally, the latter

method is more convenient for analysis of complex matrices and the analysis of

model drinking and river water samples containing aminobiphenyls revealed that

after off-line solid-phase extraction leading to 100-fold preconcentration of the

analytes the detection limits can be lowered down to the 10�8 mol L�1 concentra-

tion range.93

Further, it was demonstrated that simultaneous determination of 1-amino- and

1-hydroxypyrene is not possible due to close oxidation potentials; nevertheless, the

wide potential window of BDD electrodes enables simultaneous determination of

these oxidizable compounds with the nitro analog and their precursor in the

atmosphere – I-nitropyrene.92

11.2.4 Chemicals from Agricultural Activities

Chemicals from agricultural activities include chemicals used in agriculture and in

animal husbandry. Most chemicals that may arise from agriculture are pesticides.

The content of pesticides in surface, ground, and wastewater, soil, sludge, sedi-

ments, feed, or foodstuffs may be under control of national health agencies.

Contamination of drinking water can result from their application and subsequent

movement following rainfall or from inappropriate disposal method.94

The few pesticides investigated so far on BDD electrodes using voltammetric

methods include some carbamate pesticides (carbaryl,54 carbendazim95), and

organophosphorus pesticides (parathion,96 methyl parathion,97 and fenamiphos95).

Determination of the latter group is based on the reduction of the nitro group and

thus these pesticides are among the few examples on utilization of BDD electrodes

for electroreduction. Carbamate pesticides, the N-substituted esters of carbamic
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acid with general formula R1NH–CO–OR2, where R2 is an aromatic or aliphatic

moiety and R1 is a methyl group, aromatic moiety, or benzimidazole moiety, are

oxidizable on the amide nitrogen in the carbamate molecule. Further, the phenolic

derivatives produced by alkaline hydrolysis of some carbamate pesticides can be

utilized for electroanalysis. Both approaches were used by Rao et al.98 in their

pioneering work dealing with voltammetric characterization and HPLC/ED deter-

mination of carbamate pesticides at BDD electrodes. CV experiments in 0.1mol L�1

phosphate buffer, pH 7.2 were performed with the N-methylcarbamate carbaryl.

The relatively well-defined CVs were obtained at BDD electrode due to direct

oxidation of carbaryl observable at potentials higher than +1.2 V (vs. saturated

calomel electrode). No electrode fouling was observed, when stirring the solution

between each CV cycle. The signal-to-background ratio was found to be five to ten

times higher than that of glassy carbon electrode, where in this potential region the

oxygen evolution reactions coincide with carbaryl oxidation. After alkaline hydro-

lysis of carbaryl to 1-naphthol, its oxidation peak appeared at +0.7 V and fouling of

the electrode was observed under repetitive cycling due to the formation of

polynaphthol film. It seems that this film adsorbs more strongly at the BDD surface

than polyphenol films, observed by the same authors when oxidizing CPs.46 How-

ever, the electrode could be perfectly cleaned by treating it at the anodic potential of

+2.5 V for 10 min.

Direct voltammetric determination of carbaryl in polluted urban creek with LD of

9.3 μg L�1 (LQ¼ 31.2 μg L�1) succeeded in a study by Codognoto et al.54 Spiked

samples were analyzed using SWV at BDD without any previous extraction,

cleanup, or preconcentration steps that could impede in situ and real-time determi-

nations. This simple approach was tested also for other electroactive pesticides by

these Brazilian researchers. The N-benzimidazole carbamate fungicide

carbendazim was determined together with the organophosphorus pesticide

fenamiphos based on their electrooxidation. Despite the fact that the sensitivity of

the determination is for both compounds influenced by the presence of other

organic compounds in the matrix (river water), both compounds can be detected

in the mixture with excellent recovery.95 The other organophosphorus pesticides

parathion and methyl parathion were studied based on electroreduction of the

aromatic nitro group in the skeleton. Because these very potent insecticides and

acaricides are relatively persistent and one of the most dangerous pesticides with

high acute toxicity to wildlife and humans and suspected carcinogenicity, numerous

environmental organizations propose their general and global ban.99 SWV in BR

buffer was selected for the determination of parathion in pure and polluted river

waters at BDD by Pedrosa et al.96 The comparison of reduction signals obtained

using a hanging mercury drop electrode (HMDE) and BDD electrode favored

slightly the latter one – detection limit of 7.9 μg L�1 for river water was obtained.

For methyl parathion lower LD of 4.9 μg L�1 was obtained, this time using

sonovoltammetry to enhance the sensitivity.97 These values are sufficient with

respect to the hazardous level of 10 μg L�1 set by WHO for drinking water.100

Nevertheless, parathion concentration is likely to be far under this limit because

parathion disappears from surface water in about 1 week; the main source of
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exposure is generally food. The studies aimed at the degradation products of

organophosphorus pesticides – nitrophenols are discussed in Sect. 11.2.1.

The last group of pesticides so far investigated at BDD electrodes are

chlorophenoxy herbicides. They are derived from CPs and these compounds are

often their degradation products in environment. As a group, chlorophenoxy her-

bicides have been classified in Group 2B (possibly carcinogenic to humans) by

IARC.73 Among them, 2(2-methyl-4-chlorophenoxy)propionic acid (MCPP,

mecoprop) was reported to be the most often found herbicide in drinking water,

where the guideline value 10 μg L�1 (0.046 μmol L�1) is recommended by WHO,

and can achieve concentrations up to 0.4 mg L�1 in natural waters.101–103 Basic

voltammetric and chronoamperometric studies were performed by Boye et al.102 for

4-chloro-2-methylphenoxyacetic acid (MCPA), MCPP, and structurally related

clofibric acid in 1 mol L�1 HClO4. They realized that these compounds display

one diffusion-controlled oxidation peak at about +1.6 V (vs. standard hydrogen

electrode (SHE)). A fast electrode fouling was observed under repetitive cycling.

However, the formed film can be easily removed by applying a positive potential

(+2.6 V vs. SHE) in the region of water oxidation (generation of OH•). The film

seems to be formed by polymerization of a phenoxy-type radical and/or its prod-

ucts. This radical is formed in the first one-electron reaction step, leading to the

formation of herbicides’ radical cation, and its consecutive hydrolysis to

corresponding phenoxy radical and 2-hydroxycarboxylic acid. As mentioned

above, the phenoxy radicals may be responsible for BDD passivation also when

oxidizing chlorophenols, and the number of methods for their determination using

BDD electrodes reveals that this should be no serious obstacle when developing

similar applications for chlorophenoxy herbicides. Thus, other studies on the use of

BDD electrodes for quantitation of chlorophenoxy herbicides can be expected in

the near future.

11.2.5 Other Organic Pollutants

There exists a myriad of other compounds representing serious risk to environment.

This is valid especially for genotoxic compounds, where the exposure limits are

questionable, as sometimes a minimal amount of the compound can initiate pro-

cesses leading to unavoidable health damage. In this chapter, a brief overview on

the use of BDD electrodes for determinations of other important environmental

pollutants than mentioned above is given.

Many dyes and dye-related compounds belong to the most recalcitrant and

durable pollutants and due to their water solubility present the risk especially for

the aquatic life. The anthraquinone dyes Alizarin Red S104 and quinizarin,105 the

triphenylmethane dye malachite green, and its reduced form leucomalachite

green106 are oxidizable at BDD electrodes.

For N-nitrosoamines, formed due to the presence of nitrite and amines in the

water supply and thus potentially occurring in drinking water, an SWV method for
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determination of their total content was proposed with detection limit

6� 10�8 mol L�1.107

An interesting method has been exploited for the detection of contamination in

foodstuffs and tap water by Escherichia coli. It is based on detection of 2-NP that is

released from hydrolysis of o-nitrophenyl-β-D-galactopyranose as catalyzed by

β-galactosidase, an enzyme present in most strains of E. coli. Maximum enzyme

activity was observed in phosphate buffer with addition of sodium dodecyl sulfate;

released 2-NP was detected at bare BDD electrode. The detection limit was 4� 104

cells mL�1 with a total analysis time of <1.5 h.

Other studies concern the electrochemical behavior of derivatives of simple

aromatic compounds. Different voltammetric behavior of aniline,108 benzoic, and

salicylic acids and phthalic anhydride,109 and of hydroquinone, resorcinol, and

catechol110 was reported at BDD electrode. Nevertheless, bulk electrolysis of

these pollutants at BDD electrode leads to their complete mineralization with

exception of aniline with about 80 % conversion. Other study was devoted to the

determination of residues of selected sulfonamides in egg samples by HPLC with

amperometric detection at BDD electrode.111

11.3 Detection of Aromatic Hydrocarbons and Their

Derivatives Using Carbon Paste Electrodes

11.3.1 Methods Based on Anodic Oxidation

Anodic oxidation of aromatic hydrocarbons proceeds frequently by one-electron

transfer leading to monocation radical. This electron-deficient species can be stable

enough during the time interval of particular electrochemical reaction in particular

medium. The relative stability of monocation radical could be ensured by high

degree of charge delocalization in radical, by blocking the reactive sites in the

radical or by stabilization of the radical by specific functional moieties. The

instability of the monocation radical usually comes from chemical follow-up

reactions by well-known EC and ECE mechanism or further processes involving

another direct electron transfer without chemical reaction. Direct oxidation of

aromatic hydrocarbons usually proceeds at potentials above 1 V (vs. SCE or

Ag/AgCl reference electrodes, and depending on pH of the medium used) so that

easily oxidizable hydroxy and amino derivatives of aromatic hydrocarbons or

heterocyclic aromatic compounds are frequently determined using CPE not only

due to their relative ease of oxidation, but also due to their widespread utilization in

many industrial processes and connected occurrence in various environmental

matrices. Great attention was paid to the determination of detrimental substances

in drinking (and surface) water,116 among them to amino derivatives of aromatic

hydrocarbons. Some amino derivatives of aromatic hydrocarbons are proven car-

cinogens117; therefore, they are frequently monitored in the environment utilizing

mainly powerful separation methods like GC, HPLC, or electrophoresis with MS or

948 K. Peckova-Schwarzova et al.



other types of detection. High sensitivity of electrochemical methods could be

utilized usually only in connection with a preliminary analyte separation from the

matrices using either solid-phase extraction or liquid-liquid extraction. The easier

oxidation of amino and hydroxy derivatives of aromatic hydrocarbons which is

reflected in their lower oxidation potentials in comparison with their parent aro-

matic hydrocarbons is on the other hand compromised by rapid follow-up reactions

giving dimeric or polymeric products which often block the electroactive surface of

the CPE or carbon paste sensors. Hydroxy derivatives of aromatic hydrocarbons

belong often among antioxidants which are oxidized quite easily, however, usually

highly irreversibly with the formation of either quinone-like or phenoxide species

with low stability in the analytical media used for their determinations. Therefore,

either mechanical or electrochemical cleaning of the CPE is needed after each

measurement which complicates or at least slows down the analytical process. On

the other hand, the prevailing hydrophobic character of both parent or amino or

hydroxy derivatives of aromatic hydrocarbons enables the utilization of the analyte

accumulation on the electrode surface in mixed organic solvent-aqueous media

giving rise to very low limits of detection of these analytes, sometimes even in

sub-nanomolar concentration range. The determination of 2-, 3-, and

4-aminobiphenyls using DPV at CPE with limits of determination in

submicromolar range118 can serve as an example. The selectivity of the method

was improved by preliminary separation using liquid-liquid and solid-phase extrac-

tion. Cyclodextrin-modified carbon paste electrodes enable the determination of

carcinogenic polycyclic aromatic amines, namely 1- and 2-aminonaphthalene and

2-aminobiphenyl119 with nanomolar limits of determination. Beta-cyclodextrin is

the most successful modifier of CPE which enabled the most efficient accumulation

of tested analytes on the surface of the paste, in comparison to alfa- and gamma-

cyclodextrin. Square-wave voltammetry and differential pulse voltammetry have

been used for the determination of 2-acetamidofluorene and fluoren-9-ol at CPE,120

following the study of the influence of the carbon paste composition on the

voltammetric signals of the analytes. The methods are based on the oxidation of

the above compounds and they include adsorptive accumulation of the analyte on

the surface of the working electrode. The oxidation peak potentials vs. saturated

Ag/AgCl electrode of +1.54 V for naphthalene, +1.61 V for fluorene, and +1.21 V

for anthracene were utilized for the voltammetric determination of these analytes

using their adsorptive accumulation on CPE.121 The results of the determination of

anthracene and fluorene in spiked environmental samples were also presented.

Hydroxy derivatives or phenolics are frequent target for method development

using carbon paste electrodes based either on direct oxidation of hydroxy group on

an aromatic ring or on enzyme-based reactions with the final determination of the

product of the enzymatic reaction involved. The reason lies both in their usual ease

of oxidation and in their relatively frequent occurrence as hydroxy derivatives of

aromatic hydrocarbons form the base of various biologically active organic com-

pounds used as disinfectants, pharmaceuticals, herbicides, and pesticides. CPE and

CPE modified with humic acids were used for the determination of pentachloro-

phenol.122 With modified electrode lower determination limit was reached due to

better accumulation of the analyte. Formation of a quinone-like compound during
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the oxidation is suggested. Laccase-based biosensor123 was used for the determi-

nation of acetaminophen in environmental (and pharmaceutical) samples. Laccase

uses dissolved oxygen as the cofactor, and oligomers and polymers are formed

during the reaction according to the extent of the reaction. This laccase-mediated

oxidative coupling system enabled to reach micromolar limits of determination for

acetaminophen. A flow system method for continuous determination of phenolic

compounds in environmental matrices124 utilizing laccase- and tyrosinase-based

biosensors as detectors was described with a dialysis membrane sampler. The

laccase-based biosensor showed high sensitivity to guaiacol and chloroguaiacol,

while the tyrosinase-based biosensor was more sensitive to phenol and chlorophenol.

The authors claim high sensitivity of the determination with limits of determination

below micromolar concentration range. The method worked well even in real paper

mill effluent sample. Amperometric determination of phenol concentration using a

tyrosinase modified carbon paste electrode by the developed immunoelectrochemical

method in a flow injection analysis system125 is an example of rapid detection of

Salmonella typhimurium in chicken carcass wash water. Within 2.5 h, Salmonella
typhimurium bacteria in chicken carcass wash water could be identified and quantified

with a detection limit of 5� 103 colony forming unit (CFU)/mL. The iridium-

polyphenol oxidase-modified carbon paste electrode is a base for amperometric

biosensor for phenols and catechols.126 The polyphenol oxidase catalyzes the hydrox-

ylation and oxidation of phenols to quinones, and iridium doping of carbon paste

electrode ensures excellent electrocatalytic activity towards the reduction of the

enzymatically formed quinone species, so that the quantification of the micromolar/

submicromolar levels of phenols and catechols can be performed at potentials lower

than in the case of bare CPE. Modification of CPE by the incorporation of polyphenol

oxidase into a composite matrix127 was used for the determination of 4-methyl-5-

nitrocatechol and 2,4,5-trihydroxytoluene, the two compounds obtained from the

2,4-dinitrotoluene biodegradation. Around micromolar detection limits enabled the

determination of the above biodegradation products even in the presence of large

excess of 2,4-dinitrotoluene. The formation of molecularly imprinted microgel for

electrochemical sensing of 2,4,6-trichlorophenol (TCP) based on dehalogenative

function of the microgel substituting the function of natural chloroperoxidase for p-
halophenols was used for the determination of TCP.128 The sensor was developed for

environmental waste screening. The determination of released p-nitrophenol from p-
nitrophenyl-substituted organophosphate nerve agent is the basis of selective amper-

ometric microbial biosensor for organophosphates. This whole-cell sensor has report-

edly the service life of 5 days when stored in the operating buffer at 4 �C.129

The growing interest in monitoring of estrogenic compounds, which are known

endocrine disruptors, in the environment and especially in waters, is reflected in

the use of CPE for their determination, as their steroid skeleton contains hydroxy

group on benzene ring, thus making it relatively easily oxidizable. Highly sensitive

electrocatalytic oxidation and determination of estradiol using carbon paste electrode

modified with carbon nanotubes and ionic liquid were reported.130 Electrocatalytic

properties enabled to reach the limit of detection 5 nM of estradiol and the developed

method was applied to the direct determination of estradiol in rabbit blood serum
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and in environmental waters. Five phenolic xenoestrogens (pentachlorophenol,

bisphenol A, 2,4-dichlorophenol, 4-tert-octylphenol, and 4-nonylphenol) were

determined by pressurized CEC (capillary electrokinetic chromatography)

with amperometric detection in spiked chicken eggs and milk powder samples.131

Diethylstilbestrol was determined at carbon black paste electrode (simultaneously

with malachite green)132 and the method developed was used for the determination of

diethylstilbestrol in real fishery water samples.

Highly sensitive simultaneous determination of strychnine and brucine in

Strychnos nux-vomica seeds using CPE modified with multi-walled carbon

nanotubes133 was also reported although it is not based on direct oxidation of the

aromatic ring of both analytes. The electrocatalytic oxidation of dipyrone was

utilized for the determination using cobalt phthalocyanine-modified carbon paste

as an amperometric detector in FIA system.134 The method was used for the

determination of this pharmaceutical both in pharmaceutical and environmental

water samples. Restricted-use pesticide linuron was monitored on the basis of the

oxidation of its secondary amino group at CPE with tricresyl phosphate as liquid

binder.135 The method was verified by determining linuron in spiked river water

sample and a commercial product. The results obtained agreed well with those

obtained by the reference HPLC/UV determination of linuron.

Phenylhydrazine was determined using DPV at carbon nanotubes and ferrocene-

modified CPE utilizing catalytic wave at phenylhydrazine around +0.3 V.136 The shift

of about 0.31 V in DPV peak potential of hydrazine towards more positive values

enabled the determination of both compounds in synthetic water samples during one

measurement. Cobalt phthalocyanine-modified carbon paste was used also for

phenylhydrazine determination (plus hydrazine and 1,1-dimethylhydrazine) in

microchip capillary electrophoresis.137 The miniaturized microsystem could be

used for field monitoring in the environment with reasonable sensitivity. While in

the two above papers phenylhydrazine was determined as environmental pollutant,

plant growth regulator maleic hydrazide (a nitrogen-containing non-saturated cyclic

compound) was determined138 using palladium-modified CPE with remarkably low

detection limit of 14 nM for flow injection analysis with amperometric detection.

Palladium was used to enhance the electrochemical oxidation of the analyte giving

rise to an oxidation signal at ca +0.7 V in a buffered neutral medium.

There are many other methods using CPE for the determination of either

heterocyclic hydrocarbons, as, e.g., multi-walled carbon nanotube paste electrode

used for AdS SWV determination of insecticide cyromazine,139 or methods for the

determination of aromatic hydrocarbons containing compounds, e.g., reference

(140) but they are based on reactions of nonaromatic components (as thiocholine)

which is out of the scope of this chapter.

The basic parameters of published methods for the determination of some

environmental pollutants using various forms and modifications of CPE are sum-

marized in Table 11.2.
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11.3.2 Methods Based on Cathodic Reduction

Methods utilizing reduction reactions at carbon paste electrodes are not so frequent

due to the fact that it is practically impossible to get rid of oxygen which is adsorbed

on carbon particles. Therefore, the oxygen waves or peaks often interfere with the

signals of analytes so that other materials than carbon pastes are preferred. During the

above-cited period just several papers appeared which dealt with the utilization of

carbon paste electrodes for cathodic determination of derivatives of aromatic hydro-

carbons and their application for environmental samples. Carbon nanotube paste and

bare carbon paste were used for the determination of neutral pharmaceuticals

clofibric acid and ofloxacin141 in spiked water samples. To increase the sensitivity

solid phase extraction (SPE) was used; nevertheless, relatively highly negative peak

(wave) potentials did not allow reaching necessary detection limits to apply the

method for analysis of real environmental samples. Cyanazine and propazine142

(heterocyclic hydrocarbons) were simultaneously determined on carbon paste elec-

trode modified by a molecularly imprinted polymer, utilizing accumulation of the

analytes at about �0.45 V and chemometric treatment with partial least squares

method of the resulting cathodic stripping voltammograms. Both pesticides were

successfully determined in food and environmental samples in micromolar concen-

trations. Herbicide aziprotryne143 was determined by FIA using amperometric detec-

tion at �0.13 V on phthalocyanine-modified CPE. When utilizing preliminary solid-

phase extraction step, aziprotryne concentrations lower than 0.2 ng/mL could be

measured. MnO2-modified carbon paste electrode was used for catalytic reduction of

herbicide monochlorophenoxyacetic acid (MCPA).144 Amperometric determination

of MCPA resulted in quite low detection limit of 0.2 ppm and was developed to

monitor the environment on farmlands with MCPA control of broadleaf weeds. Quite

high sensitivity was claimed for the determination of herbicide chlorpyrifos using

adsorptive accumulation preceding the DP voltammetric measurement,145 in spite of

relatively negative potential for analyte reduction. The modification of paste compo-

sition by sepiolite enabled reaching the limit of detection of 0.008 ppb. Similarly,

sepiolite-modified CPE was used for the determination of dinitrophenolic herbicides

dinoseb and dinoterb.146 The reduction of nitro groups proceeds at low negative

potentials with remarkably low influence of oxygen reduction in the paste. This

enabled to reach very low detection limits of 1� 10�10 M and 5.4� 10�10 M for

dinoseb and dinoterb, respectively, with the adsorptive accumulation time of 10 s. A

dual electrode and a dual channel determination of four nitrophenols at

polyvinylpyrrolidone-modified CPE is described,147 with oxidative (+0.5 V) and

reductive (�1.4 V) detection potentials for hydroxy groups and nitro groups. This

capillary electrophoretic method with dual electrochemical detection was success-

fully used for environmental samples where the separation power of electrophoresis

is essential and high sensitivity of electrochemical detection is advantageous.
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11.4 Conclusions

BDD thin films as an electrode and electrochemical sensor material have gained

deserved attention since its introduction in early 1990s. Thanks to its hardness, stability,

relative fouling resistance, and last but not least commercial availability it has been

proven as a versatile electrodematerial for detection of amyriad of organic compounds

with low detection limits, high sensitivity, and excellent stability. Among them,

environmentally important organic compounds with widespread occurrence are

undoubtedly in the focus of interest and common electroanalytical techniques

succeeded in their detection. For bareBDDelectrodes, these includemainly differential

pulse and square-wave voltammetry among batch voltammetric techniques and amper-

ometric detection modes in HPLC, FIA, or electrophoretic methods including analysis

on the chips. The analysis is preferably performed in aqueous or mixed aqueous-

organic acidic and neutral media, because in basic media BDD thin films undergo

slow degradation. Construction of BDD-based sensors after modification of the BDD

surface represents a fast-growing field of interest in last years; nevertheless up to now

only few sensors were aimed at environmental pollutants. At bare H- or O-terminated

BDD electrodes basic voltammetric studies were performed for chlorophenols,

nitrophenol-based pesticides, monocyclic and polycyclic aromatic hydrocarbons and

their derivatives, dye-related compounds, and others demonstrating the possibility of

their oxidation or less frequently reduction at BDD thin films, the latter relying almost

exclusively on the reduction of the nitro group on the aromatic skeleton. Although only

few voltammetric or liquid flow methods with amperometric detection at BDD elec-

trodes so far were developed exactly for the determination of these analytes or group of

analytes in environmental matrices, under optimized conditions in pure solvents in

many cases notable reproducibility, high sensitivity, and linear dynamic range over

three orders of magnitude were reported without any previous preconcentration of the

analytes. The potential of the usage of BDD is great even for pollutants passivating

other solid electrode materials (phenolic compounds, aromatic amines, and others).

The achieved detection limits usually meet or are below the enforceable or

recommended concentration limits of WHO or national health agencies.

The actual challenges in environmental electroanalysis may be seen in (1) devel-

opment of new voltammetric and amperometric methods using BDD electrodes and

their validation so that they can be routinely used in environmental, biochemical,

and other laboratories; (2) search on reasonable ways for construction of

BDD-based sensors and extension of their applications in environmental analysis;

and (3) construction of field-deployable analytical devices based on BDD sensors

for on-site monitoring of environmental pollutants.

Thus, it can be concluded that the properties and results concerning electroanal-

ysis of environmental pollutants indicate great promise for environmental applica-

tions of BDD electrodes and BDD-based sensors and more novel and inspirative

results can be expected in the near future.

It is obvious from examples given in Sect. 11.2 and from Table 11.2 that carbon

paste electrodes can play very useful role in the field of detection of various
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electrochemically active derivatives of aromatic and heterocyclic compounds in

various environmental matrices. Most applications are based on anodic oxidation.

However, cathodic reductions were successfully employed as well. Further impor-

tant development can be expected in connection with their modification with

various nanoparticles and/or biological molecules. Moreover, combination with a

suitable method for preliminary separation and preconcentration can substantially

increase both the selectivity and sensitivity of aforementioned determinations.
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12.1 Introduction

Explosives produced both for military and civilian use1,2 are important pollutants of

soils and aquatic systems in the vicinity of places where they are produced, stored,

or used.3 Many of them are classified as toxic by the US EPA and other environ-

mental agencies. Therefore, there is an ever-increasing demand for sensitive and

selective analytical methods suitable for their determination in various environ-

mental matrices. There are many review articles available on the detection of

explosives utilizing a multitude of different analytical techniques.4–7 The most

common current techniques for detection of trace explosives include ion mobility

spectrometry (IMS), mass spectrometry (MS), and gas chromatography (GC);

however, most of these devices are bulky, expensive, and require time-consuming

procedures.8 There are several hundreds of explosive materials officially listed,9

most of them being based on nitrated organic compounds (see Table 12.1). Because

of easy electrochemical reducibility of nitro group, voltammetric and amperometric

methods are frequently used for their determination.10 Differential pulse

voltammetry,11 square wave voltammetry,12 and adsorptive stripping

voltammetry13 are most frequently used for the determination of nitrated explo-

sives. Voltammetric and amperometric detection of explosives has received con-

siderable attention for security screening and other defense applications.14 Terrorist

threats resulted in increasing demand for on-site detection of explosives and the

low-cost, portable, highly sensitive, and specific electrochemical sensors can be

viable tools for these purposes.15 Moreover, electrochemical detection of nitrated

explosives is extremely sensitive and necessary instrumentation can be easily

miniaturized and integrated on microchip platform.

Nitro group can be relatively easily reduced via nitroso group and

hydroxylamino group to amino group, each step being accompanied with the

exchange of two electrons. Mechanism of reduction of polynitrocompounds

depends on number and relative position of nitro groups, nature of aromatic rings

and possible presence of other substituents, and especially on pH of the solution.

Trinitro compounds are usually reduced more readily than dinitro or mononitro

compounds. Methyl substituent position has an influence on redox properties of

nitroaromatics related to 2,4,6-trinitrotoluene.16 Detail information on reduction

pathways of 2,4,6-trinitrotoluene can be found in paper.17 Reduction of nitroben-

zenes and nitrotoluenes usually occurs in one single four-electron step to form

arylhydroxyamines, which is followed by two-electron step leading to arylamines.

Two-electron reduction of aromatic nitro group to a nitroso group never occurs

because of relatively higher reduction potential of the nitroso group in comparison

with corresponding nitro group. Reduction potentials of nitro groups depend on

electrode material; for example, they are usually more negative on glassy carbon

than on mercury.

Several portable, low-cost electrochemical sensors for detection of nitrated

explosives were developed.14 These include Hg-film electrodes,18–20 glassy carbon

electrodes,21,22 carbon fiber electrodes,23–25 and screen-printed carbon

966 J. Barek et al.
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electrodes.12,14,21,26–28 The need for detection of nanomolar levels of explosives has

led to the development of nano-material-based sensors which provide control over

the local microenvironment.

Electrochemical (amperometric) detection is also the method of choice for the

analysis of nitroaromatic explosives on microchip devices since it offers up to three

orders of magnitude higher sensitivity than indirect laser-induced fluorescence.29,30

Microfluidic device for detection of five TNT-related explosive compounds with

exchangeable carbon thick-film screen-printed amperometric detector can be men-

tioned in this context.31

12.2 Voltammetric Detection of Nitrated Explosives

The most suitable electrode for these purposes is the hanging mercury drop

electrode32 because of its atomically smooth and easily renewable surface and

broad cathodic potential windows. However, fears of mercury toxicity initiated an

intensive search for more environmentally friendly and less toxic electrode mate-

rials, e.g., based on solid silver amalgams.32–34 Amalgam electrodes have similar

potential window and similar sensitivity as the hanging mercury drop electrode34

and thus can be used for the determination of explosive agents and for development

of electrochemical sensors for these purposes. Good example of their applicability

is the sensitive voltammetric determination of 4-nitrophenol35 and of picric acid10

using a silver amalgam paste electrode.

Another possibility is to use bismuth-film-modified electrodes which were used,

e.g., for detection of picric acid.36 Different types of bismuth-based electrodes

(bismuth-film electrodes, bismuth bulk electrodes, bismuth-nanoparticle-modified

electrodes) and their applications for determination of (among others) various nitro-

compounds were reviewed.37

Boron-doped diamond presents another attractive material with low and stable

background current and noise over a wide potential range, corrosion resistance,

high thermal conductivity, and high current densities. Usually no mechanical or

electrochemical pretreatment of BDD film electrode is needed. Therefore, BDD

film electrodes find use also in the area of environmental analysis for organic

explosive determinations. BDD-based electrochemical detector allowed, e.g.,

amperometric detection of 2,4,6-trinitrotoluene, 1,3-dinitrobenzene, and

2,4-dinitrotoluene over the 200–1,400 ppb range, with detection limits at the

100 ppb level.38

Disposable screen-printed electrodes are useful single-use sensors for routine

analysis. Method of screen printing allows one to construct the whole-electrode

systems. Screen-printed carbon thick-film electrodes were used to measure 2,4,6-

trinitrotoluene by square wave voltammetry in as little as 50 μL sample volume.39

This assay was coupled with a solid-phase extraction and the preconcentration

factor of 1:500 yielded a 100-fold higher sensitivity resulting in a calibration

range of 2 ppb to 2 ppm for 2,4,6-trinitrotoluene. A polyphenol-coated

12 Explosives 973



screen-printed carbon electrode was used for highly sensitive voltammetric mea-

surements of 2,4,6-trinitrotoluene in the presence of surface-active substances40

with detection limit around 1 ppm. Measurement in single 20 μL sample droplet

was proposed for three-electrode screen-printed system based on preanodized

carbon electrode27 and used for square wave voltammetric determination of

2,4,6-trinitrotoluene in lake water at the micromolar level.

Voltammetric determination of explosives in gas phase was realized by coating

of screen-printed three-electrode system by hydrogel based on 0.5 mol L�1 potas-

sium chloride in agarose.12 The thermally desorbed 2,4,6-trinitrotoluene from a

preconcentration device was moved by gas to detection system and concentration

was measured using rapid square wave voltammetry.

The application of graphene for the electrochemical detection of trace levels of

nitroaromatic explosives is based on their strong adsorption on this electrode

material; see, e.g., detection of 2,4,6-trinitrotoluene.41 Graphene oxide was suc-

cessfully used for determination of dinitrotoluene, dinitrobenzene, trinitrobenzene,

and 2,4,6-trinitrotoluene.42 Further information on the use of graphene for detection

of nitroaromatic explosives can be found in reviews.43–45 Square wave voltammetry

on carbon nanotube-modified glassy carbon electrode was successfully used for the

detection of 2,4,6-trinitrotoluene in seawater.46 Multiwall carbon nanotube-

modified glassy carbon electrode is suitable for detection of cyclotrimethylenetri-

nitramine in spiked ground and tap water.47 Sensors based on TiO2 electrode

modified with Pt or Au nanoparticles,48 on functionalized Au nanoparticles49 and

on poly(guanine)-functionalized Si nanoparticles,50 were used for detection of

2,4,6-trinitrotoluene. Silica- and carbon-based porous nanomaterials51 and

mesoporous SiO2 and poly(diallyldimethylammonium chloride) adsorbed on glassy

carbon electrode were used to detect ultratrace nitroaromatic compounds.52

Nanoporous organosilicas were used as preconcentration materials for the electro-

chemical detection of 2,4,6-trinitrotoluene53 and nanosensor based on core-shell-

structured mesoporous silica microspheres with SiO2 particle core which was

functionalized with 3-aminopropyltriethoxysilane was used for 2,4,6-

trinitrotoluene detection.54 Glassy carbon electrode modified with ordered

mesoporous carbon was used for detection of ultratrace trinitrotoluene,

dinitrotoluene, and dinitrobenzene.55,56 Pt nanoparticle ensemble-on-graphene

hybrid nanosheet was reported for detection of 2,4,6-trinitrotoluene.57 An ionic

liquid-graphene composite prepared by combining ionic liquid and three-

dimensional graphene material with a large specific area and pronounced

mesoporosity was used for detection of ultratrace 2,4,6-trinitrotoluene58 and

porphyrin-functionalized graphene for sensitive electrochemical detection of

dinitrotoluene, trinitrotoluene, dinitrobenzene, and trinitrobenzene.59 Hybrids of

carbon nanotubes and metallic nanoparticles (single-wall and multi-wall nanotube

composites with Pt, Au, and Cu nanoparticles) were used for determination of

2,4,6-trinitrotoluene.60 Detection of ultratrace 2,4,6-trinitrotoluene can be based on

electrodes functionalized with multi-wall carbon nanotubes modified with

triphenylene.61 The combination of voltammetry and chemometric treatment for

detection of nitroaromatics has been examined62 through multivariate analysis of
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square wave voltammetric data of 2,4,6-trinitrotoluene, 2,6-dinitrotoluene,

2,4-dinitrotoluene, and 2-nitrotoluene at bare and modified glassy carbon

electrodes.

Selected voltammetric methods for the determination of nitrated explosives are

summarized in Table 12.1, showing broad scope of explosives, techniques, elec-

trodes, and matrices investigated for those purposes.

12.3 Amperometric Detection of Nitrated Explosives

Amperometric detection is useful for fast flow injection analysis or HPLC of

explosives in complicated environmental matrices which can be demonstrated by

the analysis of the mixture of 14 standard explosives with detection limit around

0.2 μg mL�1.63

“Lab-on-a-chip” technology, particularly micromachined capillary electropho-

resis system, was used, e.g., for flow-injection/amperometric determination of

2,4,6-trinitrotoluene20 using simple crossing of four channels with an amalgam

mercury/gold disc electrode at a fixed potential of �600 mV. Detection limit of

about 7.0 μg L�1 with sample volume 3 μL was obtained. Similar arrangement was

also used for electrophoretic separation of neutral nitroaromatic explosives and

nerve agent compounds in the microchip channel.64

12.4 Conclusions

Growing requirements for safety and environmental controls has led to the devel-

opment of voltammetric and amperometric methods for determination of explo-

sives described in this chapter. Further development can be envisaged, especially in

the field of nano-material-based electrochemical devices for detection of explo-

sives,15 namely at graphene, carbon nanotubes, nanoparticles, and nanoporous

materials, and composites of these materials. Electrochemical sensors offer rapid,

sensitive, inexpensive, and reliable detection of explosive materials in any con-

ceivable scenario. Coupling these attractive properties with the portable nature of

electrochemical devices facilitates a wide range of decentralized applications.
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Chapter 13

Pesticides

Elmorsy Khaled and Hassan Y. Aboul-Enein

13.1 Introduction

The term “pesticide” refers to a variety of products which are intended for

destroying or controlling any pest. The term pesticides may also include substances

intended for use as plant-growth regulators, defoliants, agents for preventing the

premature fall of fruit, and chemicals applied to crops either before or after harvest

to inhibit deterioration during storage or transport. Pesticides have been used to a

limited degree since ancient times (1550 BC); but, in the last decades, not only the

number of pesticides and their tonnage have increased, but also the number and

variety of their uses.1–3 Nowadays, approximately 1,000 pesticide active ingredi-

ents are recognized worldwide.4 Common subclasses of pesticides are insecticides,

fungicides, herbicides, molluscicides, rodenticides, and plant growth regulators

which have become important in agriculture, mainly in the developed countries,

but also progressively more in developing countries. Modern developed and devel-

oping countries utilize millions of synthetic organic compounds in their civilian,

commercial, and defense sectors for an ever-expanding diversity of uses.5

Pesticides are sprayed in large amounts, also because only 1 % reaches the

intended target. Some of these contaminants have long half-lives and thus persist to

varying degrees in the environment. They migrate through large regions of soil until

to reach water resources, where they may present an ecological or human-health

threat.6 Organisms, vegetation, animals, and humans are affected by various

chemicals through absorption, inhalation, or ingestion. These contaminants pose
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serious fatal health hazards to humans, such as asthma, birth defects, and deaths.

However, the presence of pesticide residues in food, water, and soil has become a

major issue in environmental chemistry.2,7 Pesticides are recommended for use

with a minimum of 14 days before harvesting. Nevertheless, residues can be

detected in the crops even a month after their application.8 Moreover, some pro-

cedures for food processing, i.e., oil refinery, can result in additional accumulation

of pesticides and formation of products that are more toxic than the parent

compound.9

Among pesticides, organophosphorus (OP) and carbamate insecticides form an

important class of toxic compounds. These neurotoxic substances, which are struc-

turally similar to the nerve gases soman and sarin, irreversibly inhibit the enzyme

acetylcholinesterase (AChE). This enzyme hydrolyzes the neurotransmitter acetyl-

choline (ACh) in the synaptic membrane in order to avoid its accumulation. AChE

inhibition and subsequent ACh accumulation cause a marked dysfunction of many

autonomic and behavioral systems, eventually leading to respiratory paralysis and

death.10–16 Exposure to low levels of some organophosphates also results in long-term

(chronic) neurotoxic effects, related to the inhibition of neuropathy target esterase

(delayed polyneuropathy).17 In addition, anticholinesterase pesticides cause frequent

poisoning of agricultural workers mainly in developing countries.18 Furthermore, the

continuous exposure to organophosphorus compounds has been linked to chronic

fatigue syndrome.19 The ability of pesticides to interact with estrogen receptors,

androgen receptors, thyroid receptors, and other types of endocrine-disrupting effects

have been researched to a limited extent and many long-term effects are still

unknown.20–24 The toxicity of organophosphate and carbamate pesticides varies

considerably depending on the chemical structure of the pesticide.16,25

13.2 Pesticide Analysis

Their toxicity justifies the crucial need of accurate and reliable methods to monitor

the level of pesticides for safety considerations. Moreover, the area of biodefense is

also interesting in this field of research, since several organophosphate compounds

can be used as nerve agents (i.e., sarin and soman). The development and continual

improvement of analytical methods for the determination of this large group of

compounds, mostly at trace level, is a great challenge for analysts, and constitutes

the subject of research and development for contemporary analytical chemistry.26–28

Colorimetry,29 capillary electrophoresis (CE),30 mass spectrometry (MS),31 gas

chromatography (GC),32 high-performance liquid chromatography (HPLC),33,34 thin-

layer chromatography35 coupled with different detectors, and spectral techniques are

the most commonly employedmethods for trace environmental analysis of pesticides

and also are part of regulations in monitoring the environmental pollutants.

In spite of the advantages of chromatographic techniques, these methods do not

easily allow continuous on-site monitoring and usually require previous pretreat-

ments. Assay procedures with complex and expensive equipment, and demand of a
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qualified and experienced staff, prohibit its use for rapid analyses under field

conditions.36 In addition, chromatographic techniques usually generate waste

containing organic solvents, which require their treatment after analysis. Gas

chromatography is undoubtedly the most common method and when coupled to

an FTIR or mass spectrometer it has the unique ability to “fingerprint” pesticides.

However, because of their thermal lability, low volatility, and high polarity some

pesticides can be missed in any surveillance analysis by this technique.37 Further-

more, immunoassays require long analysis time (1–2 h), fastidious sample han-

dlings (numerous washing steps), and a considerable quantity of plastic well kits

which are expensive; additionally, these techniques are not suitable for continuous

monitoring.

The current tendency to carry out field monitoring has driven the development of

biosensors as new analytical tools able to provide fast, reliable, and sensitive

measurements with lower cost; many of them aimed at on-site analysis. In this

sense, biosensors would not compete with official analytical methods, but they can

be used both by regulatory authorities and by industry to provide enough informa-

tion for routine testing and screening of samples. On the other hand, biosensors

offer the possibility of determining not only specific chemicals, but also their

biological effects, such as toxicity or endocrine-disrupting effects, which is an

information of great interest. Thus, they are suitable as a screening tool providing

a rapid response and signalling the existence of contaminated samples.

Biosensors are generally defined as analytical devices, incorporating a biological

or biologically derived sensing element (e.g., enzymes, antibodies, microorganisms,

or DNA), either intimately associated with or integrated within a physicochemical

transducer (e.g., electrochemical, optical, or piezoelectric transducers38–41). Bio-

sensors, because of their biological base, can represent an ideal sensing systems to

monitor the effects of pollution on both flora and fauna, e.g., toxicity sensors, while

on the other hand, the exquisite specificity of some enzymes can even distinguish

between stereoisomers of the same compound.

As many pesticides are designed to inhibit various enzymes in insects and other

pests, utilizing these enzymes for detection purposes seemed a logical route. In this

manner, enzymes such as acetylcholinesterase, butyrylcholinesterase, alkaline and

acid phosphatase, tyrosinase, organophosphorus hydrolase, aldehyde dehydroge-

nase, and others were investigated for their ability to detect pesticides in water and

other matrices such as soil, food, and beverages. In the initial stages of the

development of analytical biosensors, in the early 1960s, research was focused

only on clinical applications. Isolated from various organisms, acetylcholinesterase

(AChE) was already used in the early 1950s for the determination of pesticides in

measuring systems with potentiometric detection.42,43 In the middle 1980s it was

used for the construction of the first integrated amperometric and potentiometric

biosensors for the detection of pesticides based on inhibition of this enzyme.44,45

Rapid progress in the development of biosensors was observed in the recent decade

where the design of biosensors for the determination of pesticides with other

enzymes had been applied. Enzymatic determinations of pesticides are usually

based on inhibition. The methodology involves the measurement of the uninhibited
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activity of the enzyme, followed by an incubation period for the reaction between

enzyme and inhibitor, and measurement of the enzyme activity after the inhibition.

Several books and review articles are already published about the achievements in

this field.26,27,38–41,46–66 One of the advantages of biosensors over other analytical

techniques is the fact that because they are biologically based biosensors can

measure toxicity, whereas analytical techniques measure only concentration. The

magnitude of response from biosensor correlated directly with the acute toxicity of

the pesticide in question is expressed as LD50 (oral) for rats.

13.3 Biosensors for Pesticide Analysis

13.3.1 Biosensors Based on Enzymatic Inhibition

A huge number of methods based on enzyme inhibition-based biosensors can be

found in the literature.67 Most times (57.6 %) acetylcholinesterase, butyrylcholi-

nesterase, or cholinesterase are used followed by tyrosinase (13 %) mainly com-

bined with electrochemical procedures (44.5 % amperometric, 35.8 %

potentiometric, frequently based on oxygen and pH measurements, and, to a very

less extent, piezoelectrical).

13.3.2 Cholinesterase Biosensors

Acetylcholinesterases (AChE) are a class of enzymes that catalyze the hydrolysis of

acetylcholine, an ester which is a neurotransmitter.13,15 AChE is present in mam-

mals, birds, fish, reptiles, and insects.15 Cholinesterase inhibition occurs because

pesticide molecules have a shape that resembles the shape of the substrate, thus

blocking the active estearic center of the enzyme inhibiting its activity. The

inhibition of AChE by organophosphates takes place as a result of the phosphory-

lation of the serine residue in the active site of the enzyme. The hydroxyl group on

the serine residue acts as an electrophile which attacks the nucleophilic phosphorus.

The phosphorylated enzyme is highly stable and hydrolysis of acetylcholine is

blocked.15 In some cases, depending on the chemical structure of the pesticide,

phosphorylation, and thus inhibition, may be irreversible. The inhibition of the

enzyme causes a buildup of acetylcholine in the neural synapses. The free enzyme

may be restored by a nucleophilic attack of water on the bond between phosphorus

and enzyme.13 If this takes place, the enzyme can be restored to its active state. If

the pesticide is a phosphorothionate ester with a P¼ S moiety rather than a P¼O, it

generally acts as a poor cholinesterase inhibitor, due to the low reactivity of the

compound.13 However, they display a high level of toxicity towards insects as a

result of the oxidation of the P¼ S to a P¼O moiety through the metabolic action
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of a set of enzymes termed mixed function oxidases (MFOs). Oxidation activates

the compound in vivo which increases its reactivity and toxicity. The principle of

cholinesterase inhibition in a biosensor may be inadequate or fail to detect

phosphorothionate esters. This can be overcome by chemically oxidizing the

phosphorothionate ester into its more active form prior to detection.68 Carbamate

pesticides are cholinesterase inhibitors with a similar mechanism of action as

organophosphate pesticides.15 Analogously, the hydroxyl of the serine residue

within the active site of the enzyme is carbamylated.

AChE has been used extensively for the enzymatic detection of organophos-

phates as well as carbamate pesticides, nerve agents, several natural toxins,69,70 and

some drugs.71 Hence, AChE is widely used as a potent recognition element for the

construction of biosensors for pesticide detection.72,73 Biosensors based on AChE as

well as butyrylcholinesterase were first reported during the 1980s. Since then, there

has been a continuous improvement of cholinesterase-based biosensors due to the

gradual improvement of transducer devices and the availability of pure enzymes.73

Most of the biosensors constructed for the determination of OPs are based on an

electrochemical transducer, which is usually incorporated in a single unit with the

biological recognition element. Both amperometric and potentiometric cholines-

terase biosensors were developed and demonstrated comparable analytical param-

eters. It was pointed out previously60,74 that potentiometric biosensors are

preferable for inhibitor measurement than amperometric ones, due to their higher

inhibitor sensitivity and in general their much easier preparation technique and

measurement procedure. Furthermore, the potentiometric working principle fits

better to in-field measurements. Many configurations can be found in literature as

described in the following.

13.3.2.1 Single-Enzyme System

When using acetylcholine (ACh) or butyrylcholine (BCh) as a substrate, the

reaction products are choline (Ch) and the corresponding organic acid (Fig. 13.1).

Since choline is not electrochemically active, the change of enzyme activity is

detected by the pH variation due to the acid production at the surface of the

biosensor. In this case the electrochemical method of choice is a potentiometric one.

There are no natural substrates producing electroactive species; therefore, with

amperometric measurements, artificial substrates such as butyrylthiocholine (BTCh)

or acetylthiocholine (ATCh) are used. The products of the reaction are thiocholine

(TCh) and an organic acid that can be oxidized anodically using platinum electrodes,

but chemically modified carbon electrodes are a better option (Fig. 13.2).

13.3.2.2 Bi-enzyme System

In this system cholinesterase (ChE) is coupled to a second enzyme to transform one

of the products of the hydrolysis reaction into another product that can be detected
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amperometrically. When butyrylcholinesterase (BChE) or acetylcholinesterase

(AChE) are used with choline oxidase (ChO), the enzyme system can be coupled

to amperometric H2O2 or O2 devices. Normally, the detection of O2 is achieved

with Clark electrodes and H2O2 with platinum, graphite, or screen-printed elec-

trodes polarized to a fixed potential.

13.3.2.3 Tri-Enzyme System

Peroxidase (POD) may be added to the bi-enzyme system to build a tri-enzyme

device. Multienzyme systems pose greater challenges than mono-enzyme ones.

However, they produce biosensors that are more specific and less prone to

Fig. 13.1 Measurement principle of choline esterase (ChE) activity using R-choline (RCO-OCh)

as substrate. According to the enzymes used in the recognition process, transduction may be

potentiometric or amperometric; adapted from reference (52) and modified; ChO—choline oxidase,

POD—peroxidase, RCOOH—organic acid, ChOH—choline

Fig. 13.2 Measurement principle of the choline esterase (ChE) activity using R-thiocholine

(RCO-SCh) as substrate using an amperometric transducer, adopted from reference (52) and

modified; RTCh—thiocholine ester, RH—organic acid
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interferences.75 The most frequently used electrochemical transducers are hydrogen

peroxide electrodes (usually platinum is used as the working electrode material).

The amperometric signal in this case is due to electrooxidation of hydrogen

peroxide, which is the coproduct of the enzymatic choline oxidation (Fig. 13.3).

13.3.2.4 Cholinesterase Potentiometric Sensors

Potentiometric devices have a relatively high sensitivity and selectivity and a broad

response range. They are also simple, reliable, and inexpensive and use commonly

available instrumentation. Potentiometric enzyme-based biosensor systems have

been recently reviewed.51,52,56,62 The most general approach for the determination

of OP compounds (OPCs) is based on their inhibition of the activity of choline

esterase enzymes. The presence of low concentrations of inhibitors strongly and

specifically affects the enzyme activity. Therefore, by measuring the enzyme

activity, the concentration of the OPCs can be assayed. Different enzymes, such

as acetylcholine (ACh), BuCh, and, most often, pH sensors, were used as trans-

ducers in potentiometric biosensors.

pH-Based Potentiometric Sensors

Potentiometric biosensors for OPCs have been designed based on the measurement

of pH change. Most of them are based on the determination of the H+ liberated

during the hydrolysis of acetylcholine by using different H+-sensitive electrodes.

Tran-Minh et al.77 have used glass pH electrodes coated with an AChE, acryl-

amide/methacrylamide polymer membrane as the internal detector for the pH

change. After incubating the electrodes for 1 h in the presence of paraoxon or

malathion, the reduced steady-state potentials in buffered aqueous solutions

containing ACh could be measured within 8–10 min with low limits of detection

of 10�10 M and 10�9 M for malathion and paraoxon, respectively. The enzyme

Fig. 13.3 Consequence of the enzymatic reaction at tri-enzymatic electrode surface adapted and

modified from reference (76)
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could be fully reactivated with 1 mM 2-pyridine aldoxime (2-PAM), suggesting

that this biosensor could be used repeatedly. More recently, Kumaran and Morita78

have measured OP pesticides in soil extracts using butyrylcholinesterase

immobilized on commercially available, pre-activated nylon-polyamide mem-

branes held in place at the surface of a pH electrode by a nylon mesh. The response

to the addition of substrate (BuCh) before and after inhibition by OP compounds

was measured after a set time interval. The stated detection limit for ethyl parathion

was 3.9 ppm in the soil. Although the biosensor lost 65–85 % of its original activity

after 3–7 days in buffer, the dried enzyme membranes retained their original

activity even after 3-year storage at 4 �C. The advantages of this system are its

low cost and the ease of preparing and replacing the enzyme membrane. Thus, there

is no need to reactivate and reuse the membranes after enzyme inhibition; they may

be disposed of after each use. It was demonstrated that the oxidation of the

organophosphorus compounds to their oxon forms by bromine, prior to analysis,

enhances the sensitivity of the pH measurement and decreases the detection limit.68

A new potentiometric enzymatic membrane biosensor for the detection of

organophosphorus pesticides (OPs) was recently constructed.79 The basic element

of this biosensor was a glass pH electrode modified with an immobilized acetyl-

cholinesterase layer formed by entrapment with methylcellulose, N,N-dimethyl-

formamide, and bovine serum albumin. It was shown that there is a good linear

relationship between the inhibition rate and the negative logarithm of OP concen-

tration in the range from 10�7 to 10�5 mol L�1 with detection limits of 10�7 mol L�1

for five pesticides. Measurement results obtained by the biosensor method were in

good agreement with those obtained by gas chromatography. This method was

successfully applied to detect OPs that remained in potted lettuce. In this study,

chlorpyrifos was also determined by the conventional analytical method (i.e., GC).

A simple and convenient method was proposed for the preparation of fast

response potentiometric acetylcholine (ACh) biosensors based on pH detection.80

As signal transducer antimony pH electrodes with a flat, easily renewable surface

were used. Among different techniques tested, immobilization of acetylcholines-

terase (AChE) onto the antimony disk electrode surface by intermolecular cross-

linkage of AChE and bovine serum albumin (BSA) via glutaraldehyde vapor in

vacuum proved to be most advantageous with respect to the analytical parameters

of the biosensor. The biosensor was tested for the determination of an organophos-

phorus insecticide, trichlorfon. After each inhibition measurement cycle the bio-

sensor was reactivated in pyridin-2-aldoxime methiodide for prolonged lifetime.

For a biosensor with an antimony electrode, a very fast response was reported (10 s)

with a limit of detection for trichlorfon equal to 0.12 ppb (10 % of inhibition with

50-min incubation time). Satisfactory results have also been obtained using

pH-sensitive oxide electrodes such as Pd/PdO or Ir/IrO*.77,81

A comparison of two solid-state biosensors for organophosphorus pesticide anal-

ysis was presented by Campanella et al.82 The indicating sensor was either a graphite

electrode or a field-effect transistor (FET), coated with an ion-selective polymeric

membrane sensitive to pH containing tridodecylamine. Liu et al.83 proposed a poten-

tiometric acetylcholinesterase biosensor based on a pH-sensitive PVC membrane
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with plasma-polymerized ethylenediamine. Glow discharge plasma technique was

utilized to deposit a film containing amino groups on the surface of the membrane.

Such an approach made it possible to fabricate a very simple self-mounted acetyl-

cholinesterase membrane directly attached to the PVC pH-sensing electrode surface.

Two neutral carriers, dioctyloctadecylamine (DOODA) and N,N-didecylamino-

methylbenzene (DAMAB), were compared, and the biosensor based on DAMAB

showed better response characteristics. The biosensor was employed more than

200 times in 20 days, with the maximum response span of biosensor retaining 90 %.

Ion-sensitive field-effect transistors (ISFETs) were also used to fabricate poten-

tiometric biosensors for OP compounds. Nyamsi-Hendji et al.84 have constructed a

differential ISFET-based system. Acetyl or butyryl cholinesterase with BSA was

fixed from solution to the surface of one pH-FET by glutaraldehyde treatment.

Inhibition by solutions of diisopropyl fluorophosphate (10�7–10�13 M) was almost

complete in about 30 min. However, reactivation of the inhibited enzyme with

1 mM 2-PAM was insufficient (30–40 %), making the system of limited usefulness

for repeated analyses. Stripping off the used enzyme membrane and recoating the

FET is a time-consuming process.

Rapid detection of anticholesterase insecticides was also reported by a reversible

light addressable potentiometric sensor (LAPS) with an additional enzymatic step.

LAPSs belong to the group of field-effect transistors where detection is based on

potential difference between gate insulator and electrolyte solution.85 In such bio-

sensors for determination of pesticides, biotinylated AChE was immobilized on the

biotinylated nitrocellulosemembrane via a streptavidin bridge. The sensorswere used

for the detection of fluorophosphates (DFP), echothiophate,86 and also numerous

other insecticides.87 Important features of LAPSs for the detection ofAChE inhibitors

are fastness (eight samples assayed simultaneously), precision, and reversibility.

Each type of transducer has its own advantage, e.g., small size and easy way of

mass production for ISFETs, reference electrode free-action of the LAPSs, and

general availability and simplicity in the case of pH electrodes. The analytical

performance of biosensors based on pH detection depends, in general, much more

on the origin of the enzyme, the way of its immobilization, and the measurement

methodology rather than the type of transducer.

Generally, biosensors with pH detection offer a simple and well-adapted method

for in-field analysis for the determination of OPs. Although potentiometric methods

are fast and accurate, they show quite high detection limits. Furthermore, the

detection of H+ ions lacks sensitivity due to the consumption of protons by the

buffer following proton liberation during the enzyme reaction. The disadvantage of

this approach consists in the necessity to use a low buffer capacity of the sample.

Thus, changes in pH could cause also changes in the enzyme activity. Commonly,

the response time of these sensors was found to exceed 5 min. In order to perform

inhibition measurements in a reliable way, before each measurement the compo-

nents entered or generated in the reaction layer of the biosensor in the previous step

should be washed out carefully. Thus, if a biosensor has a response time of 5 min

(due to thick membranes or membranes of poor permeability) the time needed to

wash out the membrane before each analysis step can be as long as 20 min;
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therefore, the real analysis time is considerably increased. Although the relevant

results published are convincing, a rather complicated sensor fabrication method

requiring a large quantity of expensive, high specific activity enzyme is employed.

Substrate-Based Potentiometric Sensors

Membrane electrodes which are sensitive to choline esters can be applied for

monitoring the AChE activity and their inhibition by pesticides. These potentio-

metric sensors are usually designed on the basis of ion pair formation between

acetylcholine with different ion-pairing agents such as tetraphenylborate or

dipicrylaminate. Both liquid-state membrane electrodes and PVC-based polymeric

types of sensors have been developed.

Baum and Ward reported the potentiometric determination of a pesticide using

an acetylcholine-sensitive liquid membrane electrode.88 They achieved detection

limits in the useful concentration ranges of 10–100 ng/mL for paraoxon and 50–

300 ng/mL for tetram. The detection limit of their method seemed to be determined

by interference from choline, a product of the enzyme reaction, and the detection

limit of the acetylcholine electrode itself.

A potentiometric acetylcholine biosensor with selective membranes consisting of

two layers was also reported89; one membrane was a choline- and H+-selective

membrane with the choline-phosphotungstate ion pair in PVC as an electroactive

compound, and the second layer was loaded with AChE. A highly sensitive poten-

tiometric butyrylcholine (BuCh) sensor based on plasticized poly(vinyl chloride)

membrane was fabricated using tetrakis (3,5-bis[2-methoxy-hexafluoro-methyl]

phenyl) borate (HFPB) as a cation exchanger.90 The sensor showed a Nernstian

response from 10�1 to 10�6 M for BuCh with high selectivity (6.3� 10�3) towards

BuCh against the reaction product (Ch). Determinations of organophosphate pesti-

cides, 2,2-dichlorovinyl-dimethylphosphate and o-(4-bromo-2-chlorophenyl)o-
ethyl S-propylpho-sphothiolate, were conducted by measuring inhibition of the

enzyme activity. The enzyme reaction rate was related to the concentration of

pesticides. Pesticides were successfully determined between micromole and

sub-nanomole levels by the BuCh sensor. A butyrylcholine-selective polymeric

membrane electrode using o-β-cyclodextrin as ionophore was described as a reagent
controlled-release system for reagentless detection of butyrylcholinesterase.91

BuCh released across the membrane from the inner filling solution of the

ion-selective electrode was consumed by the reaction of the enzyme in the sample

solution, and the concentration of BuCh at the membrane surface could be sensed

potentiometrically. The electrode with 0.01 M butyrylcholine in the inner solution

yielded a potential that varied linearly with a butyrylcholinesterase concentration

over the range of 0.0075–0.15 U mL�1 in sodium phosphate buffer solution. This

approach could also be used to analyze organophosphate pesticides (parathion) in

the concentration range 0.05–0.5 ng mL�1 with a detection limit of 0.03 ng mL�1.

β-Cyclodextrin (β-CD)-based polyvinylchloride (PVC) and carbon paste elec-

trodes (CPEs) were fabricated and applied for the potentiometric determination of
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different acetylcholine (ACh) derivatives, namely butyrylcholine (BCh),

acetylmethylcholine (AmCh), and acetylthiocholine (AtCh).92 Matrix composition

optimization was done with respect to type and content of the sensing material,

anionic sites, and plasticizer. Electrodes incorporated with heptakis (2,3,6-tri-o-
methyl)-β-CD as sensing ionophore, potassium tetrakis (4-fluorophenyl) borate

(KTFPB) as anionic site, and o-nitrophenyloctyl ether (o-NPOE) as electrode

plasticizer showed the best electroanalytical performances. The fabricated elec-

trodes worked satisfactorily in the concentration range from 10�6 to 10�2 mol L�1.

The developed sensors possessed improved selectivity towards various acetylcho-

line derivatives rather than choline. The sensors have been successfully applied for

the potentiometric determination of ACh and its derivatives under flow injection

analysis (FIA) and potentiometric titration conditions. The same authors93 devel-

oped a highly sensitive disposable screen-printed butyrylcholine (BuCh) potentio-

metric sensor, based on heptakis (2,3,6-tri-o-methyl)-β-cyclodextrin for

butyrylcholinesterase (BuChE) activity monitoring. Improved selectivity towards

BuCh with minimal interference from choline (Ch) was achieved and the sensor

was used for the determination of 0.06–1.25 U mL�1 BuChE. The developed

disposable sensors were successfully applied for real-time intoxication monitoring

through assaying cholinesterase (ChE) activity in human serum. Determination of

organophosphate pesticide was conducted by measuring their inhibition of BuChE,

a successful assay for malathion in insecticide samples with high accuracy and

precision.

More recently,94 a rapid and sensitive disposable potentiometric sensor for the

determination of the organophosphorus pesticide ethion and its degradation resi-

dues was fabricated. This study demonstrated the application of a screen-printed

potentiometric sensor with multi-walled carbon nanotube (MWCNT)-modified

polyvinylchloride (MWNT-PVC) based on α-cyclodextrin (α-CD) as ionophore

for butyrylcholine (BuCh). The fabricated electrodes were used for measuring

butyrylcholinesterase (BuChE) activity through monitoring of the BuCh hydrolysis.

The electrode potential varied linearly with the BuChE concentration over a range

from 0.04 to 0.4 U mL�1 in phosphate buffer solution (pH 7.0). This approach could

also be used to determine BuChE ethion in the concentration range from 0 to

330 ng mL�1, by measuring the relative inhibition percentage of BuChE. From

different ethion degradation products, inhibition by dioxon and monooxon was

more potent than from the parent pesticide. The proposed method was applied to the

determination of ethion in different samples with good accuracy and precision. The

relative simple fabrication protocol of the biosensor, high sensitivity, and stability

represented a promising approach for the determination of environmental pollutants

under field conditions.

13.3.2.5 Cholinesterase Amperometric Sensors

The response of amperometric biosensors to various inhibitors is often considered

to be a linear function of the enzyme activity, and calculations of kinetic parameters
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based on this assumption are in a good agreement with the results obtained with

traditional measurements of the specific activity of the immobilized enzyme.95

Three basic ways of amperometric monitoring of the inhibition of hydrolysis of

choline esters have been used. Direct anodic measurement of choline or thiocholine

using a biosensor either with or without a suitable mediator of the electron transfer

was found in literature. Most often, indirect determination of choline is performed

via amperometric measurement of hydrogen peroxide formed using a choline

biosensor, either immobilized ChOD alone or with esterases. The third ampero-

metric method which has been applied is monitoring of choline through the

measurement of the concentration of oxygen consumed.

Single-Enzyme System

A number of papers describe techniques for the determination of choline esterase

activity based on amperometric measurement of the product formed as a result of

enzymatic hydrolysis. The oxidation potential of choline is too high to be electro-

chemically oxidized directly. In this case, artificial (nonnative) choline esterase

substrates are used. Thus, butyryl or acetyl thiocholine forms thiocholine as a result

of choline esterase hydrolysis. When the analyte is not present in the solution, the

substrate acetylthiocholine is converted into thiocholine and acetic acid.

Thiocholine is oxidized by the applied voltage. In the presence of an inhibitor,

conversion of acetylthiocholine is decreased or even null.96 Furthermore, the

anodic oxidation current is inversely proportional to the concentration of pesticides

in samples and the exposed time as well. The procedure of the preparation of an

AChE biosensor and pesticide detection is shown in Fig. 13.4.

Thiol-containing compounds are known to undergo electrochemical oxidation

processes at solid electrodes, but oxidations occur at relatively high potentials

(ca. 0.7 V). The easiest way to solve the overpotential problem seems to be the

use of an electron mediator, which facilitates the electron transfer. In this case, the

Fig. 13.4 Inhibitory effect of pesticides on cholinesterase amperometric sensor; arranged and

modified from reference (49)
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working potential of the enzyme electrode is determined by the oxidation potential

of the mediator.

For example, Carlo and co-workers97 modified the surface of a screen-printed

carbon electrode with a thin layer of perfluorinated ion-exchanger films containing

7,7,8,8-tetracyanoquinodimethane (TCNQ) as mediator. It was found that the

reduced form of TCNQ was oxidized at 0.4 V vs. the pseudo-reference electrode

(Ag wire). The TCNQ-based biosensors were applied to a recovery test using egg,

bovine meat, milk, and honey as food matrices. No false-negative or false-positive

samples were detected in the assay.

The direct anodic detection of thiocholine formed using graphite electrodes

modified with cobalt phthalocyanine was described.98 For a BChE-containing

biosensor, with a 10-min incubation time, the limit of detection for paraoxon was

estimated as 1.5 ppb. The lifetime of membranes with immobilized esterases was

3 months. The disposable sensing electrode described by Skladal99 comprised a

layer of glutaraldehyde cross-linked cholinesterase over a cobalt phthalocyanine-

modified carbon composite electrode formed on a plastic strip. With

butyrylthiocholine as substrate the current due to the oxidation of the product,

thiocholine, reached a steady state within a minute. Inhibition of cholinesterase by

organophosphates over a period of 10 min resulted in a proportional decrease in

current. For paraoxon the lower limit of detection was 0.3 nM. Skladal and

Mascini100 described an amperometric biosensor for organophosphate and carba-

mate pesticides which could detect nanogram levels of paraoxon and heptenophos

within 3 min. AChE or BuChE was immobilized on a nylon net together with their

relevant substrates. The inhibition of either acetylcholinesterase or butyrylcholi-

nesterase by pesticides was measured by the decrease of the cleavage product of

acetylthiocholine or butylthiocholine, i.e., thiocholine, which was monitored by

direct electrochemical oxidation at 0.300 V (vs. Ag/AgCl). The use of a cobalt

phthalocyanine-modified composite electrode overcame the problem of a high

operation potential as would be required for a platinum electrode. Rippeth

et al.101 avoided the problems related to electrode fouling by using cobalt phthalo-

cyanine (CoPC)-modified SPEs, which allowed working at 0 V vs. Ag/AgCl, thus

improving the selectivity. Furthermore, the replacement of the electrode after each

measurement eliminated the need for enzyme regeneration. Another work using

CoPC-modified SPEs was done by Bucur et al.102 The authors used AChE extracted

from different sources as well as genetically modified mutants.

Neufeld et al.103 developed a disposable micro-flow injection electrochemical

biosensor, based on an AChE-modified nylon membrane attached to an SPE

with hexacyanoferrate (III) in solution. The presence of this mediator allowed the

determination of dichlorvos at +0.3 V vs. Ag/AgCl. Since the electrode was

continuously washed by the flow stream, it was not necessary to clean it between

repetitive measurements. This simplified the procedure and reduced analysis time.

Khayyami et al. used Meldola blue (MB) as electron mediator.104 Although MB

allows working at�0.1 V vs. Ag/AgCl, they applied a working potential of +0.25 V

in order to accelerate the oxidation rate. At this potential, the background interfer-

ence was higher, but the utility of the mediator was proved, since unwanted

contributions to the signal from other electroactive compounds were minimized.
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Another possibility in the development of amperometric biosensors is the use

of p-aminophenyl acetate (PAPA) as AChE substrate, since the enzymatic

product, p-aminophenol (PAP), can be detected by anodic oxidation at +0.25 V

vs. Ag/AgCl.105 The authors used a rapidly responding and sensitive amperometric

biosensor in a flow injection system to estimate pesticide contaminants in spring

water. The sensor was based on a glassy carbon electrode covered by a nylon

membrane to which an acetylcholinesterase-BSA mixture was immobilized using

glutaraldehyde. The determination of carbaryl and paraoxon was carried out in

lagoon water and kiwi fruits. The lowest concentration of the pesticides determined

in lagoon water was 1.0� 10�7 M for paraoxon and 4.0� 10�7 M for carbaryl.

Bi-enzyme Systems

Amperometric determination of pesticides based on inhibition of cholinesterases

can be also carried out in bi-enzymatic systems with an additional enzymatic step

involving choline oxidase. During the oxidation of choline by this enzyme oxygen

is consumed and hydrogen peroxide is produced (see Figs. 13.1 and 13.3); hence,

the change of the concentration of one of these species can be the basis for the

amperometric response.

Bi-enzymatic determinations are carried out using biosensors either with only

ChO or with both enzymes AChE and ChO immobilized. In the first case hydrogen

peroxide can be measured with a Pt electrode at anodic polarization with the oxidase

immobilized in a membrane.106 Marty et al.107 co-immobilized the two enzymes on

a cellulose nitrate membrane. Acetylcholinesterase activity was proportional to the

production of H2O2, which was measured at a Pt electrode. Decreases in current due

to inhibition of acetylcholinesterase activity by as little as 10 nM paraoxon could be

determined with a stability under wet storing conditions at 4 �C being of months.

Trichlorfon was determined in water samples using AChE–ChOx biosensors, which

were constructed by a layer-by-layer deposition of the enzymes on the surface of a

platinum disk electrode.108 The response of the sensor to trichlorfon was evaluated

by a successive addition of trichlorfon to a solution of 2mMACh. The output current

of the sensor decreased with increasing concentration of trichlorfon over the con-

centration range of 1� 10�8–2� 10�5 g mL�1. A key point for constructing high-

performance OP sensors in bi-enzyme systemsmay be to suitably control the ratio of

the catalytic activity of AChE and ChOx in the sensor. The catalytic activity of

ChOx should be higher than that of AChE—the overall rate of the reactions is

determined by the rate of AChE-catalyzed reaction because OP compounds disturb

this step. Therefore, usually excess amounts of ChOx are mixed with AChE and the

ChOx–AChE mixture is immobilized on the surface of the electrode to make the

AChE-catalyzed reaction a rate-limiting step.

A choline amperometric biosensor based on screen-printed configuration,

immobilized by adsorption from aqueous solution on the surface of ruthenium-

activated carbon electrodes, was assembled and used to assess the inhibitory effect

of organophosphorus and carbamic pesticides on acetylcholinesterase activity both
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in standard solutions and environmental samples.109 An inhibition calibration curve

was obtained using carbofuran with the lowest detectable standard solution

2 μg L�1 following an incubation time of 10 min. The method was then applied

to samples of fruits and vegetables showing its suitability as a rapid screening assay

(12 min per test) for the assessment of anticholinesterase pesticides. The biosensor

results were compared with a standard analytical technique (gas chromatography

with a nitrogen phosphorus detector, GC-NPD).

Oxygen amperometric sensors (Clark-type electrodes) have been also used as

basic transducers for the construction of choline electrodes.110 The signal in this

case is based on the reduction of molecular oxygen which is the co-reactant for the

oxidation of choline. Free acetylcholinesterase was more sensitive to paraoxon than

immobilized acetylcholinesterase, depending on the nature and concentration of

solvent (500-fold in the presence of 5 % cyclohexane). Under these conditions, as

low as 10�9 M paraoxon could be detected. The sensitivity of paraoxon detection

with free acetylcholinesterase in the presence of 5 % cyclohexane corresponded to

0.2 ppb paraoxon, tenfold below the limit admitted in the European Economic

Community.

Similar other sensors were also reported.111 In this case one or two enzymes

were immobilized on a cellulose triacetate membrane. It was shown that better

results were obtained for the determination of pesticides when BChE was used

instead of AChE, and a better detection limit was achieved with the esterase present

in solution rather than immobilized together with ChOx on the membrane. The

fabricated sensor was sensitive to malathion.

Low-molecular-weight redox mediators have been used in the construction of

choline electrodes for hydrogen peroxide detection. A sensor for choline and

acetylcholine was described using anodic detection of hexacyanoferrate (III) in

solution.112 Ferrocene113 and tetracyanoquinodimethane114 were also used in the

construction of choline electrodes. The use of redox mediators facilitates the

electron transfer but leads to the system complications.

Tri-Enzyme Systems

In order to facilitate the detection of hydrogen peroxide, a third enzyme, horserad-

ish peroxidase, can be employed as a catalyst for the hydrogen peroxide reduction

with the enzymatic oxidation of an electron donor substance (Fig. 13.3).

Redox mediators have been used in this case for cathodic detection. An amper-

ometric sensor for choline based on electron transfer between horseradish peroxi-

dase and a redox polymer was described.115 Amperometric biosensors based on

acetylcholinesterase or butyrylcholinesterase were used for the kinetic determina-

tion of organophosphate and carbamate pesticides.

Biosensors for carbamates in vegetables based on five different cholinesterase as

biorecognition elements and a screen-printed electrode system as an amperometric

transducer were developed by Skladal et al.116 The biosensor was used for the direct

analysis of vegetable juices without any pretreatment steps. In this case, 10 μg L�1
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levels of added carbofuran and propoxur were reliably identified. The whole

procedure took less than 20 min including 10-min incubation with samples.

13.3.2.6 General Considerations for Cholinesterase Biosensors

Source of Enzyme

Although sensitive, biosensors based on AChE inhibition are not selective (since

AChE is inhibited by neurotoxins, which include organophosphorous pesticides

(OPs), carbamate pesticides, many other compounds, and heavy metals) and can-

not, therefore, be used for quantification of either an individual or a class of

pesticides. One approach to solve the lack of specificity of AChE involves genetic

engineering of the cholinesterase enzyme to obtain new specific enzymes for

desired analytes or families of compounds. Different expression systems for the

production of recombinant AChEs for biosensor applications were reviewed by

Schulze et al.117 The enzyme source has a drastic effect on the biosensor perfor-

mance; enzymes from different sources give different inhibition constants for the

same pesticide. Generally, cholinesterases isolated from insects are more sensitive

to insecticides than those extracted from other sources. Additionally, the use of

mutant enzymes with improved sensitivity and selectivity produced by genetic

engineering techniques contributes to a decrease in the limits of detection of the

developed biosensors. Marques et al. compared various wild-type AChEs as well as

some genetically modified enzymes.118 Of the wild-type enzymes, AChE from

electric eel (Electrophorus electricus) was more sensitive than AChE from bovine

and human erythrocytes.118 Genetically engineered acetylcholinesterase (AChE)

variants from Drosophila melanogaster showed inhibition constants for the insec-

ticide methamidophos that were up to three orders of magnitude higher than those

from commercially available AChE from Electrophorus electricus. In another

report, a biosensor constructed from a genetically modified AChE variant from

D. melanogaster was inhibited by the insecticide omethoate with a limit of detec-

tion (LOD) of 10�17 M.102 This finding was of particular significance in that the

AChE from the eel was not inhibited by omethoate, suggesting that it may be

possible to select an array of variants that would respond to specific insecticides.

Enzyme Immobilization

The most important step in the development of an enzyme sensor is the firm

attachment of the enzyme onto the surface of the working electrode. This process

is governed by various interactions between the enzyme and the electrode material,

and strongly affects the performance of the biosensor in terms of sensitivity,

stability, response time, and reproducibility. This immobilization should be suffi-

ciently strong to provide good mechanical stability of the sensor, but also suffi-

ciently soft to provide optimal conformation freedom of the enzymes that is crucial
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for reaching sufficient enzymatic activity. There are a variety of methods by which

enzymes can be immobilized, ranging from physical adsorption and entrapment to

covalent chemical bonding.119

Physical methods such as adsorption generally consist of a simple deposition of

AChE on the surface of the working electrode and attachment of AChE through

weak bonds such as van der Waals forces and electrostatic interactions between the

AChE and the transducer. This simple and inexpensive way of immobilization

involves no damage of the enzyme, no chemical change of the support, and

reversibility to allow regeneration of free enzyme. Leakage of enzyme, nonspecific

binding, overloading of the enzyme on the support, poor operational and storage

stability, and sensitivity to changes in pH, temperature, and ionic strength are the

major disadvantages of this method.120

Entrapment in sol–gel matrices and lattice of a polymer matrix or membrane was

also used for AChE electrodes. It was done in such a way as to retain the protein

while allowing penetration of the substrate. This one-step procedure at ambient or

low temperature allows no damage of the enzyme and no chemical change of the

support, and is suitable for a large variety of bio-receptors. Advantages for this

strategy also include thermal stability, pH buffering, and physical ruggedness

typically required for environmental applications. On the other hand leakage of

the enzyme, nonspecific unstable immobilization, and problems of reproducibility

and control of the pore size and diffusion barriers are the most frequently occurring

problems.121

Covalent attachment of AChE is the most widely used procedure. AChE can be

linked to the surfaces of a transducer through formation of a stable covalent bond

between functional groups of the enzyme and the transducer. The absence of

diffusion barriers and enzyme leakage improves the sensor performance although

with the disadvantage of using of high amounts of enzyme with possible denatur-

ation.122,123 High-affinity binding of the enzyme (AChE) to a concanavalin A (Con

A)-activated screen-printed carbon ink electrode yielded highly sensitive response

for chlorpyrifos and good operational stability.124 Both covalent and non-covalent

immobilization of AChE to a polyethyleneimine-modified screen-printed electrode

resulted in the maintenance of the enzyme activity on a dried electrode up to

1 year.125

A self-assembled monolayer (SAM) is an organized layer of amphiphilic mol-

ecules in which one end of the molecule, the “head group,” shows a specific

reversible affinity for a substrate. SAMs may also consist of molecules with a

terminal functional group on the tail for enzyme coupling (see Chap. 16 of Vol. 1).

Du and co-workers reported an immobilization method of AChE on a cysteamine

SAM-modified Au electrode for carbaryl detection.126 High degree of structural

order, nanometer size, molecular recognition properties, ease of preparation, and

diversity of terminal functionalities are the most promising features.

New trends focus on the development of protocols for the oriented immobiliza-

tion of AChE through specific functional groups located at their surface. In this

way, active sites may be faced towards the target analytes present in the sample, and

substrates and products may freely diffuse in the biological layer.127
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Enzyme Reactivation

Inhibition of AChE by organophosphorus pesticides occurs by binding the phos-

phoryl group of the pesticide molecule to the serine group present in the active site

of enzyme. The free enzyme may be restored by a nucleophilic attack of water on

the bond between phosphorus and the enzyme.13 If this takes place, the enzyme can

be restored to its active state. However, this is considered a rate-limiting step.

Should an alkyl group be removed from the phosphorylated enzyme, it cannot be

restored at all. Stronger nucleophiles, such as the N-methylpyridinium-2-aldoxime

(MPA) ion, can be used to restore enzymes to their active state.13 This is often used

for reactivation of a biosensor using acetylcholinesterase.77,84,110 For a BChE

biosensor with the esterase immobilized in a cellulose triacetate layer, incomplete

reactivation with MPA was observed. This type of sensor was therefore suggested

for use as a relatively low-cost disposable probe.81

13.3.2.7 Future Perspectives of Cholinesterase Biosensors

Flow Injection Analysis

The combination of biosensors with flow injection analysis (FIA) techniques offers

the possibility to control the whole procedure, simplifying the sequence of steps and

allowing an easier optimization of the reaction conditions with reducing the mea-

surement time by a three- to fourfold.128–131 The use in such systems of enzymatic

biosensors for the determination of pesticides may provide a device competitive to

immunoassay kits, or single-use disposable biosensors, due to mechanization lead-

ing to more objective measurements and elimination of operations of transfer of

solutions and their volumetric measurements.

Several systems combining cholinesterases and flow systems were described.132

Among the different detection methods able to be integrated into flow injection

analysis (FIA) systems the electrochemical ones offer high sensitivity, simple

sample pretreatment, easy operational procedures, and real-time detection. There

are three basic types of FIA systems designed for the determination of pesticides

with electrochemical detection via inhibition of enzymes: flow systems with flow-

through enzymatic reactors or with the enzyme immobilized on magnetic particles

and separate electrochemical detection, systems with enzymatic flow-through elec-

trochemical detector of particular design, and systems with integrated electrochem-

ical biosensor placed in flow-through detection cell.130

A flow system with an enzymatic reactor with AChE on porous glass beads, and

conductivity detection of the released acetic acid, was reported for the semiquan-

titative determination of paraoxon with a detection limit of 10 mM and a sampling

rate of 10 samples h�1.133 A more complex FIA system with three enzymatic

reactors, a flow-through pH detector, and an amperometric detector for oxygen

was developed for the discrimination between organophosphorus and carbamate

pesticides.134 The reported system contained reactors with AChE, ChO, and
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organophosphate hydrolase (OPH) immobilized on activated silica gel. Because

OPH specifically hydrolyzes organophosphorus pesticides they could be removed

from the mixture with carbamate pesticides prior to the inhibition of AChE.

A flow injection system not requiring the regeneration of the enzyme in the

measuring system was based on the use of AChE immobilized on magnetic

particles.135 Detection of thiocholine was carried out amperometrically with the

use of a flow cell with platinum electrodes produced by screen-printed technology.

In 40 min the procedures achieved detection limits for carbofuran, paraoxon-ethyl

and -methyl, and also malaoxon in the range from 3 to 7 ppm using AChE from

erythrocytes. Good recovery tests were reported for drinking and brook waters.

In a computer-controlled system the incubation time used was from 1 to 16 min

and several minute regeneration with 2-PAM.136 A system with electric eel AChE

was employed for the determination of chlorpyrifos and its metabolites obtaining a

detection limit of 24 ppb. The use in the same system of immobilized AChE allows

one to improve the detection limit for chlorpyrifos oxon down to 1.1 ppb. In the

same system paraoxon and malaoxon were quantified and also determinations of

three analytes in spiked river water were carried out. The whole measuring cycle for

a single sample with three injections of the substrate prior to inhibition and two

after it, incubation and reactivation, took about 40 min.

In another report biosensors with cholinesterases immobilized on membranes

were used in a FIA system. Paraoxon and carbaryl were determined with a detection

limit of 0.1 M with 4-aminophenyl acetate as the substrate.105 A commercial

Metrohm flow-through cell with a glassy carbon electrode was used. In such a

system determinations in extracts from kiwi fruits treated with carbaryl were

carried out. For a concentration of 3 ppm of the analyte in the extract a good

agreement with the UV determinations was obtained.

Especially outstanding low detectability was reported for a FIA system with a

flow-cell, which housed a screen-printed biosensor with immobilized AChE.101 For

20-min incubation time and one unit of enzyme loading the detection limits for

dichlorvos and paraoxon were 6 nM and 0.04 nM, respectively. Some initial

evaluations were made for river water samples.

Disposable Sensors

There is an increasing end-user demand for the use of rapid, reliable, and low-cost

field-based methods for the determination of toxic compounds in environmental

samples, further fuelled by public concerns with respect to environmental pollution

and safe-guarding of global ecosystems. Because the inhibition of AChE by OP

compounds is irreversible, an inexpensive disposable biosensor which would elim-

inate the enzyme reactivation maneuver is highly desirable.52 The wide application

of disposable strip test in clinical analysis suggests that electrochemical biosensors

could also find wide acceptance for the determination and monitoring of pesticides.

Such sensors could serve as alternatives to chromatographic methods which,

although more versatile in providing information about numerous species from
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one run, are much more expensive, require well-trained personnel, and cannot be

readily used in the field.

In the last decades, many studies have focused on the development of low-cost

screen-printed biosensors, well suited for mass production and portable devices.

They have the additional advantage of allowing both real-time and in situ monitor-

ing. Depending on the biosensor properties, which include the use of electrochem-

ical mediators and the enzyme immobilization procedure, the electrochemical

response can be suitable to detect low levels of several organic contaminants,

such as pesticides.

Numerous studies on the construction of screen-printed electrodes (SPEs) have

been published.137–140 The first disposable biosensors with immobilized cholines-

terases were produced manually employing copper-covered plastic sheets used

commonly for producing electronic circuits.99,141 For the determination of

carbofuran and propoxur in spiked vegetable juices without any pretreatment,

satisfactory results were reported for carbofuran at concentration levels from

10 to 125 ppb with 10-min incubation. A screen-printed enzyme electrode devel-

oped for the determination of organophosphorus pesticides was fabricated by

co-immobilization of acetylcholinesterase with choline oxidase and peroxidase.76

The electroreduction of hydrogen peroxide proceeded at a decreased overvoltage.

The electrodes allowed rapid quantitative assay of cholinesterase inhibitors, such as

organophosphate pesticides, with a low detection limit in submicromolar concen-

tration ranges with an overall assay time of 20 min.

A sensitive screen-printed amperometric multielectrode biosensor for the rapid

discrimination of the insecticides paraoxon and carbofuran in mixtures was devel-

oped.142 It was based on the principle of acetylcholinesterase (AChE) inhibition and

chemometric data analysis using artificial neural networks (ANNs). Four types of

native or recombinant AChEs (electric eel, bovine erythrocytes, rat brain, Drosoph-
ila melanogaster) were immobilized by screen printing on four thick-film sensors,

each containing an AChE. The multisensors were used for quantitative inhibition

analysis of binary reagent mixtures combining the AChE-multisensor with feed-

forward ANNs. The sensors registered a detection range for both analytes of 0.2–

20 mg L�1 with an overall assay time of less than 60 min. The individual inhibition

pattern of each AChE–analyte combination enabled the discrimination of both

analytes by the use of neural network data processing.

Collier et al.143 incorporated AChE and BChE into the carbon-based ink used for

printing electrodes. The SPEs were used for the determination of chlorfenvinphos

and diazinon, organophosphate pesticides employed for the control of insect pests

in wool. The BChE-based biosensor was shown to be very sensitive towards a

mixture of chlorfenvinphos and diazinon, with a limit of detection equal to

0.5 μg g�1.

Modification of SPEs with different mediators including TCNQmediator [7,7,8,8-

tetracyanoquinonedimethane] in the graphite electrode,144 cobalt(II) phthalocyanine

(CoPC),145 and o-phenylenediamine onto carbon/CoPC146 can be found in the liter-

ature. In 1994 Hart and Hartley studied the electrochemical mechanism of a CoPC-

modified screen-printed device using cyclic voltammetry.147 The voltammograms
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showed that with dissolved AChE it is possible to determine pesticides at lower

potentials (0.100 V), hence lowering interferences. In a later report the same authors

immobilized AChE cross-linking it on a CoPC-modified planar device.

SPEs offer a number of advantages over conventional electrodes such as they are

suitable for working with microvolumes and easy to prepare and modify. They are

reusable and inexpensive and have excellent specificity and selectivity. SPEs have

important advantages such as the elimination of memory effects for analysis at trace

levels, and they appear to be particularly attractive for in situ determinations. The

construction of SPEs involves the printing of different inks on planar ceramic or

plastic supports. The great flexibility of SPEs resides in their large number of

possible modifications. In fact, the composition of the inks used in the printing

process can be modified by adding substances of a very different nature such as

metals, enzymes, polymers, and complexing agents.

Nanosized Materials

In recent years, with high mechanical strength, good conductivity, large surface

area, and extremely small size, nanomaterials have been widely employed in

electrode modification and electrochemical sensor development (see Chap. 17 of

Vol. 1). The nanomaterials and their applications have been the subject of many

reviews. Pumera et al. reported the major techniques and methods employed in the

construction of electrochemical biosensors using nanoscale materials.148 Nanopar-

ticle (NP)-based AChE biosensors have many advantages both in terms of stability

and in terms of promoting the catalytic reduction of redox species. The accuracy,

efficiency, and detection limit of biosensors can be enhanced with the use of

nanomaterials. In this regard, carbon nanotubes (CNTs) have attracted considerable

attention due to their high electrical conductivity, strong adsorptive ability, good

mechanical strength, and excellent biocompatibility.149–151 In recent years, AChE

has been immobilized onto various nanomaterial surfaces in order to improve the

response and stability in trace pesticide detection.152

Liu et al. reported a highly sensitive flow injection amperometric biosensor

based on self-assembling acetylcholinesterase on carbon nanotubes for paraoxon

detection.153 Cyclic voltammetric results showed that electrooxidation of

thiocholine occurred at much lower oxidation potential (+0.55 V) at MWCNT-

modified glassy carbon electrodes (GCE). The amperometric results further

revealed that the response of thiocholine at an MWCNT/GCE was 200 times higher

than that of bare GCE. This significant enhancement could be attributed to the fast

electron transfer and big working surface area of CNTs. Under optimal conditions,

the biosensor was used to measure as low as 0.4 pM paraoxon with a 6-min

inhibition time. The biosensor had excellent operational lifetime stability with no

decrease in the activity of enzymes for more than 20 repeated measurements over a

period of 1 week. The developed biosensor system was an ideal tool for online

monitoring of organophosphate pesticides and nerve agents.
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Incorporation of an AChE-multiwall-carbon nanotube biosensor into a flow

system was recently reported by Kandimalla and Ju.154 The sensor was able to

detect concentrations of insecticides ranging from 1.5 to 80 μM, and was repro-

ducible and renewable by reactivation with 2-MPA. Du et al.155 proposed a simple

method for immobilization of AChE on multiwall carbon nanotube-chitosan

(MC) composites (AChE—MC/GCE) and thus a sensitive, fast, and stable amper-

ometric sensor for detection of organophosphorus insecticide was obtained. The

homogeneously netlike matrix prevented the enzyme from leaking from the elec-

trode. The inhibition of the enzymatic activity of AChE by the insecticide was

evaluated from cyclic voltammograms. It was found that the inhibition of

triazophos was proportional to its concentration range from 0.03 to 7.8 μM and

7.8 to 32 μMwith a detection limit of 0.01 μM. A 95 % reactivation of the inhibited

AChE could be regenerated for using pralidoxime iodide within 8 min.155

A disposable CNT-based biosensor was successfully developed and applied to

the detection of organophosphorus pesticides and nerve agents. The biosensors

using bi-enzyme modification with AChE and CHO provided high sensitivity, wide

linear ranges, and low detection limits for the determination of OP compounds.

Such characteristics may be attributed to the catalytic activity of carbon nanotubes

to promote the redox reaction of hydrogen peroxide produced during enzymatic

reactions, as well as the large surface area of carbon nanotube materials.156

Apart from CNTs several nanomaterials were used to modify electrode surfaces.

Fan and co-workers157 improved the enzyme-modified electrode through Au

nanoparticles/silicon nanowires (AuNPs/Si-NWs) coated on glassy carbon elec-

trodes. This sensor showed a rapid response towards the substrate acetylcholine in

the concentration range of 1.0 μM to 1.0 mM. This electrode could detect as low as

8 ng L�1 dichlorvos.

Norouzi et al.158 used gold nanoparticles and multiwalled carbon nanotubes to

promote the electron transfer and catalyze the electro-oxidation of thiocholine in an

amperometric biosensor for the detection of monocrotophos (LOD 10 nM). Their

flow-based system used glassy carbon electrodes modified with gold nanoparticles

and multiwalled carbon nanotubes. The nanotubes contained chitosan to increase

the immobilization level and improve the stability of AChE.

A novel amperometric biosensor based on immobilizing acetylcholinesterase on

and electrode modified with 3-carboxyphenyl boronic acid/reduced graphene

oxide–gold nanocomposites was developed for the detection of organophosphorus

and carbamate pesticides.159 Acetylcholinesterase was successfully immobilized on

the electrode with relatively high activity by the specific binding between the

boronic acid group of 3-carboxyphenylboronic acid and the glycosyl group of

acetylcholinesterase. The biosensor presented good sensitivity owing to the excel-

lent properties of gold nanoparticles and reduced graphene oxide, which promoted

the electron transfer reaction and enhanced the electrochemical response. Based on

the inhibition of the enzymatic activity of AChE, organophosphorus and carbamate

pesticides were determined with satisfactory results in the presence of

acetylthiocholine chloride as a substrate. Moreover, the fabricated biosensor had

good repeatability and high stability.
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Chitosan–Prussian blue–multiwall carbon nanotube-hollow gold nanosphere

(Chit–PB–MWNT–HGN) films were fabricated to be employed in AChE biosen-

sors.160 Incorporating MWNTs and HGNs into a Chit–PB hybrid film promoted the

electron transfer reaction, enhanced the electrochemical response, and improved

the microarchitecture of the electrode surface. Based on the inhibition of the AChE

activity by the pesticides malathion, chlorpyrifos, monocrotophos, and carbofuran

as model compounds, the biosensor showed a wide dynamic range, low detection

limit, good reproducibility, and high stability. Moreover, the AChE/Chit–PB–

MWNT–HGN/Au biosensor could also be used for the direct analysis of a practical

samples, which would be a new promising tool for pesticide analysis.160

13.3.3 Other Enzymatic Systems for Pesticide Analysis

13.3.3.1 Alkaline and Acid Phosphatase

Alkaline phosphatase (ALP, EC 3.1.3.1) catalyzes the transfer of a phosphate group

to water (hydrolysis) or alcohol (transphosphorylation).161 The enzyme is charac-

terized by a high pH and a broad substrate specificity and uses a wide variety of

phosphomonoesters. It can be observed in the literature reports that ALP is suitable

for the detection of organochlorine, organophosphate, and carbamate pesticides,

although only a limited number of compounds were tested. The inhibition of

alkaline phosphatase was successfully exploited by Su et al.162 Three electrodes,

a ruthenized carbon working electrode, an Ag/AgCl reference electrode, and a

silver counter electrode, were screen-printed on a polyester substrate. The enzyme

reaction employed glucose oxidase (GOD) adsorbed on the working electrode, and

alkaline phosphatase in solution. The sensors were immersed in a solution

containing the pesticide and ALP and incubated for 10 min. Then the substrate,

glucose-6-phosphate, was added and the current arising from the oxidation of

hydrogen peroxide (applied +0.7 V) was recorded after a further 1 min of incuba-

tion. The percentage of inhibition was calculated as a function of the concentration

of the pesticide dichlorvos.

One of the most regrettable characteristics of enzyme inhibition-based biosen-

sors is the different inhibition degree caused by different inhibitors. An example of

this behavior is an amperometric acid phosphatase inhibition-based biosensor

proposed by Mazzei et al.,163 which shows different inhibition efficiency towards

organophosphorus and carbamate compounds (the latter with a weaker inhibition

efficacy and higher detection limits, as a result).

Acid phosphatases (Aps) are enzymeswith a low pH that catalyze the hydrolysis of

orthophosphoric monoester to alcohol and H3PO4. This enzyme has been utilized to a

limited extent for the detection of pesticides through inhibition of the enzyme.APwas

usedwith another enzyme, glucose oxidase (GOD), in a bi-enzymatic biosensor163 for

the determination of malathion, methyl parathion, and paraoxon. Biocatalytic hydro-

lysis of glucose-6-phosphate in the presence of acid phosphatase was reversibly
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inhibited by organophosphorus and carbamate pesticides. The amperometric detec-

tion of this inhibition required a bi-enzymatic system with glucose oxidase (GOD)

and resulted in a final measurement of hydrogen peroxide on a Pt electrode.

13.3.3.2 Tyrosinase

Tyrosinase (Tyr) is a type of catechol oxidase and a binuclear copper-containing

metalloprotein, which oxidizes monophenols and o-diphenols into their

corresponding o-quinones at the expense of oxygen reduction to water. The con-

version of monophenols by Tyr proceeds in two consecutive steps; that is, in

the first step the monophenol is oxidatively hydroxylated to its corresponding

o-diphenol (hydroxylase activity), which in a second step is further oxidized to its

corresponding o-quinone, whereby the enzyme is oxidized by molecular oxygen

back to its native form (catecholase activity).164

Tyrosinase is inhibited by many different compounds such as carbamate and

dithiocarbamate pesticides, atrazines, chlorophenols, and thioureas and this char-

acteristic has been used to develop biosensors for the enzymatic detection of many

pesticides. In several published articles it was demonstrated that reversible inhibi-

tion of Tyr can be followed by amperometric measurement of the reaction product

(o-quinone). Inhibition by atrazine and chloroisopropylphenylcarbamate (ClPC) at

micromolar level was shown with the use of an amperometric biosensor with glassy

carbon electrode and a pyrrole amphiphilic monomer-tyrosinase coating.165 Three

other carbamate pesticides inhibited Tyr in an amperometric biosensor in a medium

of reversed micelles.166 With phenol as a substrate for ziram, diram, and zinc

diethyldithiocarbamate the detection limits were evaluated. Detection limits at the

micromolar level of concentrations were reported through inhibition of Tyr incor-

porated into graphite paste in a screen-printed amperometric biosensor.167 A tyros-

inase (Tyr) screen-printed biosensor based on the electroreduction of enzymatically

generated quinoid products was electrochemically characterized and optimized for

the determination of carbamates and OP.168 A composite electrode prepared by

screen-printing a CoPc modified cellulose–graphite composite. Inhibition studies

on the o-quinone steady-state current (at �0.20 V vs. Ag/AgCl) were performed to

investigate the inhibition kinetics of the pesticides on the enzymatic activity of

mushroom tyrosinase. The results showed that methyl parathion and carbofuran

could lead to competitive inhibition processes of the enzyme, while diazinon and

carbaryl acted as mixed inhibitors. Analysis of natural river water samples spiked

with 30 ppb of each pesticide showed recoveries between 92.5 and 98.5 % and

relative standard deviations of 2 %.

Andreescu et al.144 indicated that Tyr biosensors suffer from poor specificity and

many substrates and inhibitors interfere with the enzyme ability to detect the target

compounds. The enzyme is further inherently unstable, reducing the lifetime and

usability of the Tyr-based biosensors.169 However, Sole et al.52 have pointed out that

Tyr detectors have some advantages over other types of enzymes such as tolerance for

1004 E. Khaled and H.Y. Aboul-Enein



high temperatures and organic solvents.170 A Tyr biosensor can also be operated faster

than, for instance, an AChE sensor as it does not require preincubation.167

13.3.3.3 Aldehyde Dehydrogenase

Aldehyde dehydrogenase (ADH) catalyzes the oxidation of various aldehydes using

β-nicotinamide adenine dinucleotide (NAD+) as a cofactor.171 The enzyme is

inhibited by dithiocarbamate fungicides and this can be utilized to detect these

pesticides in the environment.172

Dithiocarbamate fungicides inhibit aldehyde dehydrogenase. In order to produce

an amperometric biosensor with this enzyme also a bi-enzymatic system was

designed with the enzyme diaphorase. Reaction of propionaldehyde and NAD+ in

the presence of ADH produced NADHwhich could be detected via its reaction with

hexacyanoferrate(III) by diaphorase. The changes of hexacyanoferrate

(II) concentrations were monitored amperometrically with a Pt electrode182 or

bi-amperometrically with two platinum electrodes.171 A bi-amperometric biosensor

was also developed in screen-printed configuration with Pt-sputtered carbon

paste173 In all these biosensors both enzymes were immobilized in a poly(vinyl

alcohol)–styrylpyridinium (PVA-SbQ) layer.

13.3.3.4 Organophosphorus Hydrolase

Although being sensitive and useful sensors for environmental monitoring, biosen-

sors based on enzyme inhibition have some limitations. They have a long and tedious

protocol that requires long incubation with inhibitors prior to analysis for good

sensitivity and require reactivation of the enzyme which is inhibited irreversibly by

OPs. Since AChE is inhibited by neurotoxins, which include not only OP pesticides

but also carbamate pesticides and many other compounds, these analytical tools are

not selective and cannot be used for quantification of either an individual or a class of

pesticides that may be required for monitoring detoxification processes.

Organophosphorus hydrolase (OPH), a biological catalyst, was shown to effec-

tively hydrolyze a range of organophosphate esters; pesticides such as parathion,

coumaphos, and acephate; and chemical warfare agents such as soman, sarin, VX,

and tabun.174,175 The enzyme was first discovered in soil microorganisms, i.e.,

Pseudomonas diminuta and Flavobacterium spp.55

The catalytic hydrolysis of each molecule of these compounds releases two

protons, the measurement and correlation of which to the OP concentration forms

the basis of a potentiometric enzyme electrode. The basic element of this very

simple enzyme potentiometric electrode is a pH electrode modified with an

immobilized purified organophosphorus hydrolase (OPH) layer formed by cross-

linking OPH with bovine serum albumin and glutaraldehyde. Thus, potentiometric

OP biosensors were prepared by coupling OPH and a glass pH electrode. The

sensors were constructed by immobilizing OPH on the surface of a pH-sensitive
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layer of a commercially available pH electrode by cross-linking with bovine serum

albumin (BSA) to form a thin film.176 The sensor could detect OPs including

paraoxon, ethyl parathion, and methyl parathion.

In a similar mechanism of signal transduction, one can use a pH-sensitive field-

effect transistor (FET) for developing enzyme-modified FETs. The use of a FET

provides superiority in miniaturization of the sensor body because a FET is usually

produced through mass production on semiconductor materials.177

A potentiometric disposable enzyme sensor for the direct and fast determination

of OP insecticides was developed by using an OPH immobilized on screen-printed

electrodes. The potentiometric device consisted of N,N-dioctadecylmethylamine as

H+-sensitive ionophore electrode with an integrated Ag/AgCl reference elec-

trode.178 The sensor performance was investigated with regard to enzyme load,

concentration, pH, and temperature of the measuring buffer using paraoxon as

analyte. Response times to reach 95 % of maximum change in potential did not

exceed 5 min. Sensors stored under dry conditions at 4 �C still showed 60 % of their

initial hydrolytic rate after 70 days. A range of putative interfering substances did

not influence the sensor response, and the suitability of measuring OPs in soil

extracts was ascertained.

OPH can be integrated with an amperometric transducer to monitor the oxidation

or reduction current of the hydrolysis products such as 4-nitrophenol and

2-(diisopropylamino) ethanethiol. An improvement of the detection limit more

than one order of magnitude for paraoxon and methyl parathion was achieved

when OPH was employed in an amperometric screen-printed biosensor.179,180

The measurement was based on the rapid anodic signal of p-nitrophenol at the
OPH/Nafion layer immobilized on the printed carbon surface. An OPH-based

amperometric biosensor was also made by enzyme modification of carbon paste,

which was operated in a chronoamperometric mode.55 It selectively hydrolyzed the

P–F bond of fluorine-containing organophosphates, making it suitable for discrim-

inative detection of fluorine-containing organophosphates. Taking advantage of this

simplified procedure, the same author181 carried out analysis under flow analysis

with a sample throughput of 30 measurements per hour. This system provided

highly reproducible and stable responses and excellent storage stability, making it

possible to do repeated measurements without regular calibration. Furthermore,

broader linear range, higher sensitivity, and lower detection limits were achieved

compared to potentiometric or optical results. Wang et al.182 immobilized OPH

onto thin-film gold electrodes rather than inside a reactor. The application of

+0.75 V vs. Ag/AgCl and the already known problems of surface passivation due

to the oxidation of phenolic compounds led the authors to examine the reproduc-

ibility of the anodic detection. The results showed that low-volume flow injections

apparently contributed to a negligible fouling of the electrode surface. V-type nerve

agent biosensors based on immobilized OPH on the surface of a CNT-modified

carbon electrode were reported.183 The OP biosensors thus prepared exhibited an

electrochemical response to demeton-S at 0.4 V. This biosensor was successfully

applied to analyze lake water spiked with demeton-S.
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Simonian et al.134 combined a potentiometric and an amperometric detector in

order to discriminate between organophosphorus and carbamate pesticides. Three

enzyme reactors were used with AChE, ChO, and OPH immobilized on activated

silica gel. First, the OPH-based reactor hydrolyzed only organophosphorus pesti-

cides. Then, the subsequent AChE/ChO-based system was inhibited by the

remaining pesticides in the solution. The potentiometric measurement gave the

concentration of organophosphorus pesticides, while the amperometric measure-

ment indicated the concentration of carbamate pesticides. Although this approach

allowed the discrimination between both types of neurotoxins, it was not possible to

quantify the concentrations of each pesticide. Hence, the biosensor had to be used

as a tool to screen the toxicity of the sample, prior to the analysis with a conven-

tional chromatographic technique. Similarly, a dual-potentiometric/amperometric

biosensor system was proposed184,185 based on (1) the potentiometric detection of

protons liberated by organophosphorus pesticides upon OPH hydrolysis and (2) the

amperometric detection of p-nitrophenol produced by some pesticides, such as

paraoxon and parathion. The combination of both transducers makes it possible

to distinguish some organophosphorus pesticides in samples. It is important to

notice that short response times (less than 1 min) were obtained, even though no

mutual influence of the sensor signals was observed, opening the possibility to

design powerful cross-reactive biosensor arrays. Nevertheless, the discrimination

was still not high enough to give more details than a screening assay.

Generally, the detection scheme based on monitoring OPH-catalyzed hydrolysis

products of OPs offers the advantages of simpler, more direct, and quicker mea-

surements of only the OP class of nerve agents over that based on the inhibition of

AChE activity that responds to all types of nerve agents. Additionally, the

OPH-based biosensor has the potential of quantifying individual organophosphate

pesticides when used as a detector in conjunction with high-pressure liquid

chromatography (HPLC) for chromatographic separations. The OPH enzyme elec-

trode, however, will be suitable for online monitoring of detoxification

processes for the treatment of wastewater generated during the production and

consumption of the organophosphate-based pesticides and insecticides and disposal

of organophosphate-based nerve agents.

13.3.3.5 Cells and Tissues

Immobilized whole cells or tissues from various organisms can be utilized alterna-

tively to isolated enzymes for the design of electrochemical biosensors. They

function as renewable sources of specific enzymes, which additionally operate in

their natural biological surrounding (cell or tissue) that may provide often optimum

conditions for long-term stability. In the design of these biosensors both cells

hydrolyzing directly organophosphorus pesticides and tissues rich in enzymes

that can be inhibited by pesticides are employed. An easy-to-construct and

inexpensive potentiometric microbial biosensor for the direct measurement

of organophosphate (OP) nerve agents was developed by Mulchandani et al.186
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The biological sensing element of this biosensor was recombinant Escherichia coli
cells containing the plasmid pJK33 that expressed organophosphorus hydrolase

(OPH) intracellularly. The cells were immobilized by entrapment behind a micro-

porous polycarbonate membrane on the top of the hydrogen ion-sensing glass

membrane pH electrode. OPH catalyzed the hydrolysis of organophosphorus pes-

ticides to release protons, the concentration of which was proportional to the

amount of hydrolyzed substrate. The biosensor was applied for the determination

of paraoxon, ethyl parathion, methyl parathion, and diazinon.

Also other potentiometric studies were based on the use of the OPH enzyme. For

example, Rainina et al.187 entrapped recombinant E. coli onto gel spheres retained

inside a reactor by using poly(vinylalcohol) (PVA) and cryo-immobilization.

Paraoxon could be detected in the concentration range from 0.25 to 250 ppm,

with a response time of 10 min for the batch mode and 20 min in the flow-through

system. One of the major advantages of the use of PVA-cryo-immobilized cells was

the increased stability during use and storage of up to 60 days.

An acid phosphatase (AP) hybrid biosensor was developed using a thin layer of

potato tissue coupled to an amperometric GOD-based biosensor based on internal

sensing of H2O2.
163 The reversible inhibition of AP was utilized for the determina-

tion of malathion, paraoxon methyl, paraoxon, and aldicarb with limits of detection

of 0.5 ppb for paraoxon methyl, and 40 ppb for aldicarb. The tissue-based biosensor

exhibited a longer shelf life and a better reliability on the amperometric results than a

bi-enzymatic sensor with purified AP and GOD. A similar biosensor was also

developed using a potato layer with a Clark-type dissolved oxygen electrode.188

13.3.4 Limitations of Enzymatic Pesticide Assay

In analysis of natural samples with complex matrices several different factors may

affect the result of the determination depending on the enzyme used, the method of

its immobilization, the pH of sample solution, its ionic strength, or content of

dissolved oxygen. Due to the complexity of biocatalytic processes, numerous

additional species besides analytes may inhibit the used enzyme.46 Inhibition-

based methods suffer from the serious interference that enzymes can be inhibited

by a large number of different compounds, including metal cations, other inorganic

species, and organic compounds different to the target analyte.189 Evident

responses of a biosensor were observed for nicotine, lead, and fluoride. In addition,

some surfactants (dodecylbenzyl-sulfonate and sodium dodecylsulfate) and also

chromium (VI) interfere with enzymatic reactions of AChE.190 Strong inhibition of

AChE was also found for As(III) while As(V) did not interfere.191 As many

pesticides inhibit AChE and BuChE, specificity is poor and identification of

compounds in real samples is regarded by some authors as an unsolved problem.192

Among enzymes used for inhibitive determination of pesticides only the activity

of the less often used enzymes acetolactate synthase, acid phosphatase, and tyros-

inase is inhibited reversibly. Regeneration of an inhibited enzyme is a crucial
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problem to solve for multiple use of biosensors which are irreversibly inhibited by

the determined analyte. Much attention was paid to the regeneration of the activity

of cholinesterases which is usually performed using 2-pyridine aldoxime

methochloride (2-PAM).68,77

There are two main characteristics of performance of the OPC assay based on the

inhibition of choline esterase activity: detection limit and assay time. The assay

time involves the stage of incubation of choline esterase (solubilized or

immobilized) with an OPC-containing solution. This step is usually the longest of

the assay. Obviously, the longer incubation time leads to a higher degree of enzyme

inhibition and results in a lower detection limit. However, practical analytical

application requires rapid analysis. Therefore, there is a trade-off between rapidity

of the assay and the detection limit. The detection limits for different OPCs are

different because of the difference in the ability of various OPCs to inhibit choline

esterase. The detection limits for different OPCs can differ by three orders of

magnitude.193 In general, very toxic OPCs have a greater inhibiting effect on

choline esterase than less toxic ones and the detection limit for more toxic OPCs

is lower than that of the less toxic OPCs.

13.3.5 Advantages and Future Prospects of Pesticide
Biosensors

In many cases, the biosensor assays based on inhibitory effects of pesticides or

other chemical contaminants show high sensitivity and could be the basis for

relatively simple and cost-effective procedures. A particular advantage of these

biosensing systems is that they offer the possibility of analysis in both batch and

flow mode, allowing the use of these sensors for analysis of a large number of

samples in a reasonable time interval. These methods can also be recommended for

the development of single-use test strips, especially with screen-printed electrodes,

to avoid problems related to fouling of the electrode which generally involves a

chemical or electrochemical deactivation of the working electrode surface. SPEs

offer several additional advantages including low fabrication cost, simple handling,

and being amenable to both mass production and instrument miniaturization for

field analysis. Current research studies involve numerous efforts at improving the

analytical performance of the biosensing systems in order to be able to monitor a

wide range of pollutants in environmental and food samples.49–67

The use of genetically modified enzymes for the design of biosensors can be an

effective way to improve the sensor sensitivity. Indeed, the combination of such

engineered enzymes (double and triple mutants) with microporous-activated carbon

technology could improve the efficiency of enzyme-based biosensors. Furthermore,

engineered variants of enzymes could be another approach in the biosensor design

for discrimination and detection of various enzyme-inhibiting compounds when

used in combinationwith chemometric data analysis using artificial neural networks.
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Analytical applications of biosensors based on enzyme inhibition are still limited

since these sensor technologies are not usually able to discriminate various toxic

compounds in the same sample. A strategy for the detection and discrimination of

neurotoxins was investigated.194 It was possible to separate the effects of different

inhibitors, using a combined recognition/discrimination strategy based on the joint

action of acetylcholinesterase and organophosphorus-hydrolase enzymes. The fea-

sibility of eliminating the organophosphate neurotoxins from the different

multicomponent inhibitor combination via sample pretreatment with immobilized

forms of OPH was demonstrated. Because of such manipulation, the inhibiting

influence of non-OP neurotoxins on AChE can be separated and their true concen-

tration may be determined. In another study, engineered variants of Drosophila
melanogaster acetylcholinesterase (AChE) were used as biological receptors

(AChE-multisensors) for the simultaneous detection and discrimination of binary

mixtures of cholinesterase-inhibiting insecticides.195 In this method the system was

based on a combination of amperometric multi-electrode biosensors with

chemometric data analysis of sensor outputs using artificial neural networks

(ANN). The AChE mutants were selected on the basis of displaying an individual

sensitivity pattern towards the target analytes. The multisensor was capable of

simultaneously detecting and discriminating paraoxon and carbofuran.

In general, biosensors based on AChE inhibition are not capable of distinguishing

among specific pesticides, but one of their major advantages over other analytical

techniques is that, owing to the biological origin of their active sites, they are

sensitive to general toxicity, whereas other analytical techniques measure only

concentration data. Thus the biosensor response is believed to correlate closely to

the acute toxicity of a particular pesticide, expressed as LD50 (oral) for rats.
50

Most previous studies have been carried out on aqueous samples, whereas these

pesticides and their metabolites, which are very often more toxic than their parental

compounds, are generally poorly soluble in water. The extraction of these com-

pounds from solid matrices or their concentration from aqueous media requires the

use of organic solvents. Biocatalysis in nonaqueous media has opened opportunities

for the development of biosensors which work in nonaqueous solvents. In this way,

it has been shown by various researchers that enzymes can function in organic

solvents, in a mixed aqueous-organic phase, as they do in aqueous solvents.

Preliminary results on the detection of organophosphorus insecticides with an

enzymatic sensor in an organic medium seem promising.196 For this purpose,

4-aminophenyl acetate was used as the substrate of AChE in place of

acetylthiocholine because of its high solubility in organic solvents and the redox-

active nature of 4-aminophenol produced by the enzymatic reaction. Marty and

co-workers prepared an AChE-modified carbon electrode by coating an AChE-

containing polymer film on the electrode.144 The enzyme in the film retained

ca. 80 % of its catalytic activity even if the aqueous solution contained 1–5 %

acetonitrile or ethanol, though more than 20 % organic solvent induced nearly

complete deactivation of the enzyme, suggesting a possible use of the sensor in the

presence of a small amount of a water-miscible organic solvent in aqueous media. A

disposable cholinesterase biosensor based on screen-printed electrodes was
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assembled197 and used to assess the effect of miscible organic solvents on the

acetylcholinesterase activity and on the inhibitory effect of organophosphorus

pesticides on acetylcholinesterase activity. With 5 % acetonitrile and 10 % ethanol,

an increase of the recorded current was observed. The addition of 0.2 % polyethy-

lenimine to the enzyme preparation, before immobilization, allowed the utilization

of 15 % acetonitrile without any negative effect on the enzyme activity.

The future integration of wireless communication systems will generate huge

interest as this will inevitably lead to the emergence of extensive networked

multiple autonomous analytical stations in rivers, lakes, wells, or even water

treatment plants. These units will provide high-quality information about key

chemical parameters that determine the quality of our environment.198 By means

of this network system and by an intelligent remote surveillance, an active response

will be possible. To accomplish this, there is a need for robust and unattended

working analytical instrumentation. Each unit will be portable, plug and playable,

user friendly, and fully automated with little need for maintenance. The emergence

of these compact, self-sustaining, networked instruments will have enormous

impact on all field-based environmental measurements including biosensors. Gu

et al.199 have recently applied a novel early warning protocol to monitor the toxicity

of the effluents of a water treatment plant.

The acceptance of biosensors is dependent upon several factors as they should be

comparable to conventional analytical systems in terms of reliability, sensitivity,

selectivity, specificity, and robustness.200 Therefore, biosensor measurements have

to be verified by comparing them with the results of chemical analysis201 which is

known as validation. The overall commercial status and general acceptance of the

technology will depend on the performance characteristics, sample throughput,

associated costs, and acceptance by regulatory authorities, based on independent

validation data generated using internationally recognized procedures (e.g., AOAC,

ISO, and IDF).202
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Part IV

Electrochemical Sensors for Gases
of Environmental Importance



Chapter 14

Volatile Organic Compounds

Tapan Sarkar and Ashok Mulchandani

14.1 Introduction

Volatile organic compounds (VOCs) are numerous, varied, and ubiquitous. In

nature, VOCs are both biogenic and anthropogenic. Plants are the primary biogenic

source of VOCs as evident by the strong plant odors. The anthropogenic sources of

VOCs include hydrocarbons from crude oil production and processing, solvents

such as ketones (acetone and methylethyl ketone), alkanes (hexane), alcohols

(ethanol, isopropanol), and aromatics (benzene and toluene) that are widely used

in chemical processing industries, household products, etc. While most VOCs are

not toxic, health problems, such as acute headache, allergy, respiratory problem,

nausea, and immunity in children/infants, may arise upon long-term exposure to

some of these VOCs even at low concentrations. VOCs such as formaldehyde,

acrylonitrile, benzene, toluene, ethylbenzene, and xylenes are highly toxic and/or

carcinogenic. Formaldehyde and acrylonitrile are used as base raw material in the

resin industry. Benzene, toluene, ethylbenzene, and xylenes (commonly known as

BTEX) are released as automobile exhaust. Other synthetic products, such as paints

and wax, can also release toxic vapors when stored. Further, despite being present at

extremely low concentrations, some VOCs like organic amines can catalyze the

oxidative atmospheric photochemistry and facilitate smog formation through nucle-

ation of aerosol formation, which has a potential impact on environmental condi-

tion deterioration, in particular climate change. Hence, accurate and real-time

detection of VOCs is necessary to protect/monitor the indoor and outdoor air

quality and to provide occupational health safety at workplace. To ensure safe

environment in the workplace, various regulatory bodies such as occupational
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safety and health administration (OSHA), national institute for occupational safety
and health (NIOSH), and American conference of governmental industrial hygien-
ists (ACGIH) have set limits of the VOCs in the environment. Table 14.1 provides

data of the permissible exposure limit for select VOCs. Further, some VOCs like

nitroaromatic and organophosphorus compounds are serious threat to the homeland

security due to their mass destruction capability. For example, nitroaromatic com-

pounds such as trinitrotoluene (TNT) and cyclotrimethylenetrinitramine (com-

monly known as RDX) are used as explosive while organophosphates such as

sarin are used as lethal chemical warfare agents. Recently, VOCs in exhaled breath

have also been identified as potential biomarkers of diseases—for example alkanes

and benzene derivatives for lung cancer and acetone for diabetes. Hence an accurate

quantitative detection of VOCs at trace level is also important for disease diagnosis

in the healthcare sector and for homeland security.

In spite of recent advances, the task of identification and quantification of

pollutants in a complex environment containing thousands of interfering species

using an inexpensive, reliable device remains a serious challenge. The most com-

monly practiced analytical methods for pollutant/contaminant detection are

Table 14.1 Permissible exposure limits for VOCs in the workplace

Analyte

OSHA

PEL

(ppm)

NIOSH

REL

(ppm)

ACGIH

TLV

(ppm) Health factors

n-Hexane 500 50 50 A narcotic agent; a neurotoxin; and an eye,

upper respiratory tract, and skin irritant.

Formaldehyde 0.75 – 0.3 Potential occupational carcinogen.

Acetone 1,000 250 500–750 An eye and respiratory irritant. May cause

headache, dizziness.

Methyl ethyl

ketone

200 200–300 200–300 Eyes, nose, and throat irritant.

Methanol 200 200–250 200–250 Visual disturbances and respiratory irritant.

May cause headache, drowsiness.

Ethanol 1000 1000 1000 An eye and upper respiratory tract irritant.

May cause headache, fatigue.

Iso-propanol 400 400 400 Eye, nose, and throat irritant.

Benzene 1 1 10 Potential occupational carcinogen.

Toluene 200 100 20 May cause central nervous system depres-

sion, causing fatigue, and muscular

incoordination.

Ethylbenzene 100 100 100 An eye, mucous membrane, and skin

irritant.

Xylenes 100 100 100 May cause central nervous system depres-

sion and irritation of the eyes and skin.

OSHA Occupational Safety and Health Administration, PEL Permissible Exposure Limit, NIOSH
National Institute for Occupational Safety and Health, REL Recommended Exposure Limit,

ACGIH American Conference of Governmental Industrial Hygienists, TLV Threshold Limit Value

www.osha.gov
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separation-based techniques along with suitable detector. The current state of the

art for VOC detection typically utilizes gas chromatograph (GC) for separation in

combination with various schemes including flame ionization (GC-FID), photoion-

ization (GC-PID), or mass spectrometry (GC-MS). GC-PID is an advantageous

technique for simultaneous detection of simple aromatic molecules such as BTEX;

however, selectivity may be compromised if alkanes are present in the sample. This

drawback could be overcome partially by performing the separation process simul-

taneously on two columns with different polarity. GC-FID provides unambiguous

identification of VOCs with a large linear dynamic range. GC-MS combination

provides high sensitivity and accuracy. However, these instruments are expensive,

do not provide real-time measurements, require trained personnel to operate, are not

easily field deployable due to bulky size, and do not currently exhibit the potential

for full miniaturization in the form of wearable badges. Alternative quick and easy

methods for pollutant identification employ a target-specific chemical sensor or an

electronic nose/tongue.

Conventional strategies for target-specific chemical sensor development have

largely depended on the traditional “lock-and-key” design, where the sensor selec-

tivity and sensitivity depend on the binding specificity/affinity between the analyte

of interest and the specific receptor. This strategy can lead to highly selective and

sensitive detection if the analyte binding is strong enough and specific to the

recognition element. Another related strategy involves exploiting a physicochem-

ical change selectively towards a target analyte, where selectivity is achieved

through the transduction mechanism in which the method of detection indicates

which species are identified. Such strategies are reliable when a specific target

analyte is to be detected within controlled backgrounds and interferences. However,

this strategy demands the synthesis of separate, highly selective, and target-

responsive sensor elements for each analyte to be detected. Another alternative

for sensitive and real-time detection of target analyte would be to employ a highly

sensitive sensor in combination with a suitable micro-separation unit. However,

design, fabrication, and integration of such micro-separation unit within the sensor

module are complex and challenging.

On the other hand, in the electronic nose/tongue architecture, an array of

different nonselective sensors is used, with every element in the array responding

to a number of different chemicals and generating a nonspecific response pattern or

chemical signature of the tested toxins/pollutants which is then analyzed with a

suitable statistical based chemometric method, pattern recognition algorithm, neu-

ral network, or some combination for identification of the pollutants. In practice,

most chemical sensors provide cross-reactivity due to the interaction or response of

the sensor towards interfering chemicals that are structurally and chemically similar

to the desired analyte. Moreover, most VOCs are chemically inert and bind weakly

with the recognition element that limits the realization of target-specific sensor

development. Hence, use of an electronic nose/tongue is the most practical option

for the reliable identification and quantification of VOCs.

Chemical sensor can be developed based on the interaction of VOCs

with recognition element in conjugation with transducer such as optical,1,8,9,10,11
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surface plasmon resonance (SPR),2 quartz crystal microbalance (QCM),3,12 surface

acoustic waves (SAW),4 microcantilever,5 thermistor,6 and field-effect transistor.7

The response of the sensor based on optical, SPR, QCM/SAW/microcantilever, and

thermistor can be measured in the resulting absorbance/reflectance/fluorescence/

chemiluminescence, refractive index, mass, and temperature, respectively.

Table 14.2 summarizes different types of optical and mass transduction-based

sensors reported for detection of VOCs. Although, sensitive detection of VOCs is

possible using these sensors, however, they are difficult to miniaturize limiting

their application as a point-of-use/field-deployable device and building a sensor

arrays/e-nose for reliable detection in a complex environment. On the other hand,

solid-state electrochemical sensors, i.e., chemiresistor/field-effect transistor (FET)

sensors based on electrical transduction mechanism, are an attractive alternative

because of low power consumption, low cost, possibilities for miniaturization to

make high-density sensor array, and multiplexing capabilities.

14.2 Scope and Overview of the Chapter

In light of the above discussion, in this chapter we provide a comprehensive review

of electrochemical sensors for VOCs. We start with a brief description of sensor

configuration followed by materials used as recognition element in these sensors.

While discussing the various methods used for device fabrication using different

sensing materials, we discuss the success and limitation of the methods used and

possible solutions to those problems. Further, we discuss the functionalization

strategy and demonstrate their importance for the improvement of device sensitiv-

ity. Finally, we conclude by highlighting some challenges in the field of electro-

chemical sensor development/research for VOCs and also predict the direction

towards which future of this area might be directed.

14.3 Electrochemical Sensors

Figure 14.1 shows the schematic of a basic chemiresistor/FET-based electrochem-

ical sensor. It consists of two metal microelectrodes on a dielectric separated by a

gap which is bridged by a semiconductor material. The interaction of chemical

species of VOCs with semiconductor material bridging the gap causes changes in

the physicochemical properties of the chemically interactive layers or changes in

the surface morphology or charge transfer between the interacting components that

result in a change in the resistance/conductance of the semiconductor.

Chemiresistor/FET device can be developed using two kinds of sensing platforms:

(1) planar or two-dimensional (2-D) thick/thin film (Fig. 14.1a) and (2) -

one-dimensional (1-D) nanostructures like nanotubes, nanowires, nanoribbons,

and nanobelts (Fig. 14.1b), as the conduction channel bridging the source and
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drain electrodes. In a thick/thin-film-based sensor only a fraction of the total cross-

sectional area is affected by the modulation in the number of charge carriers. As a

result, the current can shunt across such regions of modified conductance and leads

to depletion in the sensing signal (Fig. 14.1c). On the other hand, one-dimensional

nanostructures like nanowires/nanotubes show modification in the electrical prop-

erties across its entire cross section due to their small sizes and allow surface

chemistry to play a role as compared to in bulk state (Fig. 14.1d). This ballistic

conduction of current through the nanostructures leads to increase in the signal and

thus makes them more sensitive than the thin-film sensors. Additional benefits of

1-D nanostructures include the following:

(a) A large surface-to-volume ratio means that a significant fraction of the atoms

(or molecules) in such systems are surface atoms that can participate in surface

reactions.

(b) The Debye length λD (a measure of the field penetration into the bulk) for most

nanowires and nanotubes is comparable to their radius, which causes their

electronic properties to be strongly influenced by processes at their surface.

This could result in better sensitivity and selectivity.

(c) Finally, nanowires and nanotubes can be easily configured as field-effect

transistors (FETs) and can be potentially integrated with conventional devices

and device fabrication techniques.

Fig. 14.1 The major advantage of 1-D nanostructures (b) over 2-D thin films (a). Binding of a

charged analyte (letter x within a circle) to a 1-D nanowire leads to depletion or accumulation zone

in the “body” of the nanowire (d) as opposed to only the surface in a 2-D thin-film case (c)13
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Three types of materials, metal oxide semiconductors such as ZnO and SnO2,

conducting polymers such as polyaniline and polypyrrole, and carbon-based mate-

rials such as carbon nanotubes (CNTs) and graphene, have shown significant

performance benefit for the development of 1-D- and 2-D-based sensors for

VOCs (Table 14.3). Until recently, the development of 1-D nanostructure-based

VOC sensor using the abovementioned materials was slow because of challenges in

the synthesis and fabrication of these nanostructures with controlled dimensions,

morphology, and purity.

14.3.1 Metal Oxide-Based VOC Sensors

Chemical and physical properties of metal oxide semiconductors such as In2O3,

ZnO, and SnO2 have been extensively studied for the last few decades. Metal oxide

thin-film-based solid-state chemical sensors have been developed and successfully

commercialized by exploiting the change in their properties caused by the surface

adsorption process. The detection principle mainly relies on the conductance

change of the material based on the interaction between the analyte and the oxygen

vacancy sites available on the oxide surface. The oxygen vacancies, created due to

the molecular adsorption on the oxide surfaces, are chemically and electrically

active. When vacancies are created they tend to bind with more atoms or molecules

and the electrons that are left behind form a space charge region (SCR) closer to the

oxide surface.32,36,37 As a result, when charged molecules bind to the surface, they

either donate or accept electrons to or from the SCR depending on their charge

types and change the conductivity of the oxides.

The limited sensitivity and high operating temperature are major drawbacks for

the available metal oxide-based commercial sensors. The issue of sensitivity can be

overcome by using one-dimensional nanostructures because of their comparable

diameters with respect to the width of the SCR.

Several physical and chemical methods have been developed for synthesizing

one-dimensional oxide nanostructures. Solution-phase growth,33 chemical vapor

deposition (CVD),34,39 laser ablation,35 and electrochemical methods followed by

annealing32,36 are the most common routes for the synthesis of single-crystal and

polycrystalline oxide nanowires,32,35,38 nanotubes,34,36 and nanobelts.40 Using

these nanostructures, sensitive detection of a number of analytes such as NO2,
38

NH3,
38,41 and H2

42 has been demonstrated. Further, sensitivity enhancements by

doping the nanostructures and functionalizing with catalytic metals have also been

reported.33,42

Detection of VOCs such as alcohols, ketones, and aromatic hydrocarbons has

been demonstrated using metal oxides such as SnO2,
14,16,18,45,120,94,47 ZnO,19,95

WO3,
20 and Co3O4

43 (Table 14.3). In most of the cases, these sensors were prepared

by screen-printing a thick film of metal oxide on pre-patterned electrodes. How-

ever, electrodes have also been written after making the film on a substrate. Screen-

printed SnO2 thick film detected alcohols and aromatics.15 However, device

14 Volatile Organic Compounds 1033



sensitivity was improved enormously upon doping with metals14 such as Pt, Cu, and

metal oxides16 such as ZnO2, InO2, and NbO2. A further enhancement in device

sensitivity was observed using SnO2 nanoparticles due to the enhancement of active

surface-to-volume ratio.44 A similar improvement in sensitivity towards alcohols

and other VOCs was observed for ZnO- and WO3-based sensors, when doped with

a suitable dopant.19,20 Metal oxides have also been used as functional material to

decorate conducting polymers,45,46 carbon nanotubes,47,48 and graphene10 to

improve the sensor sensitivity as well as response/recovery time. The synthesis of

controlled one-dimensional nanostructure such as meso- and macroporous Co3O4

nanorods43 and TiO2 nanotubes has been reported which provides superior sensing

performance in terms of sensitivity, selectivity, response time, and relative humid-

ity. A sub-ppb-level detection of VOCs is possible when a metal oxide sensor is

coupled with a pre-concentration unit.21

14.3.2 Conducting Polymer-Based Sensors

Conducting polymers (CPs) such as polypyrrole (PPy), polyaniline (PANI),

polythiophene (PTH), and poly (3,4-ethylenedioxythiophene) (PEDOT) are an

attractive class of organic materials which exhibit unique electronic, magnetic,

and optical properties of metal and semiconductors while retaining the mechanical

properties and ease of processing advantages of polymers.49,50,59 These polymers

can be synthesized and doped or dedoped through chemical and electrochemical

processes to alter their conductivities from a near metallic (1 S/cm) to an insulating

(10�10 S/cm) regime by varying the dopant type and concentration to tune charge

transport.50 This prominent feature of tunable charge transport combined with high

chemical sensitivity at ambient temperature and stability makes them ideal for the

use as transducing materials in chemical sensors.51,96

CPs can be synthesized through oxidative polymerization of the monomers by

(1) chemical routes, where an oxidizing agent is used to facilitate the polymeriza-

tion process, and (2) electrochemical routes, where a positive potential is employed

to perform the polymerization process.

Thick/thin-film sensor can be fabricated on prefabricated electrodes by dip/

spray-coating chemically synthesized polymer solution or by electropolymerization

of monomer on the electrode from a solution in the presence of the dopant. The dip/

spray-coating process results in a 2-D structure without control over the thickness,

morphology, and porosity, and also does not provide the process flexibility to tune

the material properties. On the other hand, electropolymerization processes such as

cyclic voltammetry and chronoamperometry provide in situ fabrication on the

electrode pads and also allow manipulating material properties by changing the

process conditions. However, the film thickness in these methods cannot be con-

trolled as there is no direct indication of the completion of the device fabrication

process. Additionally, the contact between the gold electrode pad and the CP film

and adhesion of the film to the substrate are issues for fabrication of CP-based
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sensors. The film thickness of the CP film can be controlled by performing the

electropolymerization in bipotentiostatic mode where the bifurcation of the

chronoamperogram indicates the successful completion of device fabrication.52

Further, use of a hydrophobic substrate, which could be done through chemical

treatment, facilitates to reduce the film thickness and also improve the adhesion of

the film with the substrate. For example, an ultrathin film of polyaniline was

synthesized through electropolymerization of aniline on a SiO2 substrate treated

with octadecyltrichlorosilane to make it hydrophobic and using bipotentiostatic

mode.52

One-dimensional (1-D) CP nanowires (NWs) can be synthesized by template-

directed and template-free methods.53,60,97,98,99 In the template-directed method, a

nanoporous membrane (anodized alumina or track-etched polycarbonate) with

uniform cylindrical pores is used as scaffold and the conducting polymer is

polymerized chemically or electrochemically within the pores of the membrane

to form nanowires or nanotubes followed by etching of the template to release the

NWs in the solution.54,100 The NW diameter and length can be manipulated by

controlling the diameter of the pores and the current density and charge, respec-

tively. The use of a strong etchant, for example strong acid/base for alumina and

organic solvent for polycarbonate, may affect the morphology and chemical and

electronic properties of the NWs/NTs.

Template-free methods include electrospinning, dip-pen lithography, and aque-

ous/organic interfacial polymerization. Among the template-free methods,

electrospinning is most widely used due to its simplicity, versatility, and capability

to produce extremely long CP NWs. The method requires an application of high-

voltage electrostatic field to charge the CP solution droplet and passing through the

liquid injection nozzle. By adjusting the distance between the source and the

collecting surface, which acts as a counter electrode, oriented nanofibers can be

deposited. The morphology of the nanostructure can be manipulated by changing

the solution concentration, applied electrical field, and feeding rate of the precursor

solution.51,55

Dip-pen nanolithography (DPN) is a scanning probe nanopatterning technique.

In the DPN process, an AFM tip is used to deliver polymerized conducting polymer

molecules as ink to a surface via a solvent meniscus to form the nanostructure. This

technique provides a precise positioning of nanostructure and also has good control

over the dimension. However, this method is expensive and requires post-synthesis

processing for writing the electrodes.56,101

The solution-phase nanowire synthesis was developed by the Kaner group using

aqueous/organic phase interfacial polymerization. This method is suitable for bulk

synthesis of CP NWs and can produce 30–50 nm diameter and 500 nm to several

microns long NWs having a yield of 6–10 %.57,102,103

For making of a FET device, the NWs synthesized by any of the above methods

have to be immobilized within a prefabricated source-drain electrode because of the

incompatibility of the CP NWs with the chemicals and conditions used for lithog-

raphy process. The easiest method of immobilization of NWs is solvent-casting

process where a drop of NWs containing solution is dispensed over the
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prefabricated electrode followed by evaporation for the attachment of NWs on the

electrode surface. However, this method results in random orientation and number

of NWs connecting the electrodes, making it an inconsistent and unreliable method

of device making. A better control on alignment of the NWs could be achieved by

dielectrophoretic, fluidic, or magnetic alignment.58 However, fabricating high-

density large area conducting polymer nanostructure device using these techniques

is still a technological challenge. A high-density sensor array using CP NWs can be

achieved by lithographically patterned nanowire electrodeposition (LPNE) or

nanoimprint lithography (NIL).

Over the past few years, CP-based (CPs/CP composites) thin/thick-film sensors

for the detection of a wide variety of analytes ranging from biomolecules to VOCs

have been demonstrated (Table 14.3).22,23,24,25,26,59,60 However, in recent times,

focus has shifted to the use of one-dimensional CP nanostructures as a sensory

element due to the advantages mentioned earlier. Kaner and co-workers fabricated

PANI nanofiber network-based sensors using PANI nanofibers synthesized by

chemical polymerization and demonstrated performance enhancement over the

conventional PANI thin-film sensors.57,61 The higher surface area, porosity, and

nanometer diameter PANI nanofibers contributed towards the sensor signal

enhancement. Liu et al. demonstrated single PANI nanowire-based chemical sen-

sor, fabricated using a nanolithographic deposition process, which showed a rapid

and reversible resistance change upon exposure to NH3 at concentrations as low as

0.5 ppm.51 Hangarter et al. reported template-directed synthesis of PPy nanowires,

their integration on a prefabricated microelectrode by drop casting/electrophoretic

alignment, and successful demonstration towards NH3 detection.
62

Yaping et al. used the template-directed method to fabricate Au-PEDOT/PSS-

Au nanowires, assembled on a prefabricated gold electrode by dielectrophoretic

alignment method, and demonstrated the effectiveness as a sensor towards VOCs

(methanol, ethanol, and acetone).63 Cao et al. reported the performance enhance-

ment of the sensors towards methanol by replacing the PEDOT/PSS nanowire with

PEDOT/ClO4 nanowires.
64 The possible reason for the enhanced performance of

PEDOT/ClO4 over PEDO/PSS nanowire sensor is attributed to domination of the

partial charge transfer between the polymer and the absorbed analyte as opposed to

the increase in hopping distance due to swelling of polymer.

Although CP nanostructure-based gas sensors show an excellent sensing perfor-

mance in terms of sensitivity and quick response at room-temperature operation, the

long-term stability of the polymers for practical applications and the scalability

issues due to complex fabrication process still remain a challenge.

14.3.3 Carbon Nanotube-Based Sensors

Carbon nanotubes are sp2-bonded carbon-based materials consisting of a single- or

multiple-graphene sheet seamlessly wrapped up into a cylindrical tube. Carbon

nanotubes could be single-walled or multi-walled. Multi-walled carbon nanotubes
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(MWNTs) are metallic in nature. Single-walled carbon nanotubes (SWNTs) are

one-dimensional nanostructures that are approximately 0.4–3 nm in diameter and

few hundred microns long. The structure of SWNTs provides them with inherently

unique electrical, physical, and chemical properties.65,104,105,106,107 Mechanically,

SWNTs are the strongest fibers among the known materials due to the C–C bond.66

Thermally, they have high thermal stability in both vacuum and air.66 Electroni-

cally, they can be either metallic or semiconducting in nature depending on their

diameter and helicity of the graphitic ring arrangement in their wall.67,108 The

nanometer diameter and high electrical transport property make SWNTs potential

candidates for many microelectronic applications. Their superior electrical conduc-

tivity as compared to other semiconducting materials facilitates the development of

low-power electronic devices and their smaller size facilitates the miniaturization

process to build high-density nanosensor array in small footprint.

The SWNTs consist solely of surface atoms such that every single carbon atom

is in direct contact with the environment and this makes them highly sensitive to

any surface adsorption event. SWNTs thus could be ideal building blocks for

making gas sensors. The sensing behavior arises from the fact that changes in

their local chemical environment have a direct impact on their electronic structure

and hence provide unambiguous path for detecting interacting molecules that

initiate the change.

SWNT-based FET/chemiresistor sensors have been typically based on single

SWNT or a network of SWNTs bridging the source and drain electrodes. The

techniques used to make single SWNT device included lithographically patterned

catalyst as carbon nanotube nucleation site followed by writing of source and drain

electrodes by e-beam lithography or manipulating carbon nanotubes on

pre-patterned electrodes by atomic force microscope. These methods while ade-

quate for laboratory demonstration have limited controllability and throughput and

therefore not feasible for scaling to production level. On the other hand, sensors

based on SWNT network because of their simplicity, low cost, and scalability are

attractive alternative. Such SWNT network devices can be fabricated by simple

drop casting or spin coating of an SWNT suspension in either dimethyl formamide

(DMF) or a surfactant (sodium cholate or sodium dodecyl sulfate) in water. While

drop casting is simple and easy to perform, the inability to control position and

bundling of SWNTs is a major limitation of this method as this reduces the sensor

sensitivity and increases the response and recovery times (Fig. 14.2a). The bundling

of nanotubes can be reduced or eliminated by spin coating or dielectrophoresis. The

density/numbers of SWNTs within the electrode can be controlled by manipulating

the SWNT concentration and/or rotational speed and time. Spin coating process

provides an opportunity for wafer-level device fabrication. However, when spin

coating is performed, the SWNTs aligned in the radial direction along the lines of

centrifugal force requiring patterning the electrode radially and cause complica-

tions in chip dicing (Fig. 14.2b). On the other hand, in the dielectrophoretic (DEP)

method, the nanotubes align perpendicularly to the electrodes. However, a wafer-

level device fabrication is still impractical right at this moment (Fig. 14.2c).
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Recently, a modified drop casting method for FET fabrication was reported. In

this method, the Si/SiO2 wafer was modified with a monolayer of aminosilane, a

chemical known for its affinity to the CNTs, by treating with aminopropyltriethoxy

silane (APTES) followed by assembly of SWNTs from a dilute solution of

SWNTs.68 This method resulted in uniformly distributed high-density SWNT

network when compared to surface without APTES (Fig. 14.2d). The process

enables a wafer-level fabrication that can be used on both pre- and post-patterned

electrodes and possesses flexibility with regard to controlling SWNT density in the

network by manipulating SWNT concentration and deposition time.

In the year 2000, Kong et al. first established the proof of concept for the

development of semiconducting SWNT-based chemiresistor as a sensor and

predicted the potential of SWNTs as a sensing material.71 Since then various groups

have demonstrated the use of SWNTs for detection of gases such as NH3, NO2, and

O2 and metal ions such as Hg2+, establishing SWNTs as promising sensing mate-

rial.72,109 The range of molecules that can be detected by SWNT-based sensors,

however, is limited by their binding energies and thereby the charge transfer with

SWNTs. Gases such as carbon monoxide and most VOCs can be hardly detected

due to their low binding energy with SWNTs or almost negligible adsorption to

SWNT surface.66 However, this limitation can be alleviated by either modifying the

Fig. 14.2 SEM images of (a) drop-casted SWNTs,68 (b) spin-coated SWNTs,69 (c) dielectrophor-

etically aligned SWNTs between two Au electrodes,70 and (d) aminosilane functionalization of

Si/SiO2
68
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electronic and chemical properties of the SWNTs through substitutional doping30 of

impurity atoms (boron and nitrogen) into intrinsic SWNTs or functionalizing

SWNTs with a suitable recognition molecule that has greater affinity to the target

molecule.73,74 SWNT surface can be functionalized through covalent or

non-covalent binding. Significant improvement in sensing performance was

observed for NH3 detection when SWNTs were functionalized covalently with

poly(m-aminobenzene sulfonic acid) (PABS).74 Similarly, enhancement in sensi-

tivity was observed for H2 detection on functionalizing SWNTs with palladium

nanoparticles that catalyzed the surface adsorption process.75 Additional examples

of improved sensitivity for a range of chemicals upon functionalizing SWNTs with

metal and metal oxide nanoparticles and conducting polymers by electrochemical

deposition have also been reported.73,76

Pristine SWNTs are inert to most VOCs. However, when chemically modified by

certain functional groups through covalent attachment they become active and

respond to VOCs as well as other chemicals (Table 14.3).27 Alternatively, coating

or decorating the nanotube surface with molecules chemically active to VOCs can

enhance the sensitivity. For example, inorganic molecules (TiO2, SnO2 nanoparticles,

etc.),77 polymers (polymethyl methacrylate, polypyrrole, etc.),17,29,110 organic

macromolecules (porphyrin, phthalocyanine, polycyclic aromatic hydrocarbons,

etc.),78,28 and biomolecules (DNA)31 with higher affinity to VOCs can be used as

functional material. Various groups have demonstrated a wide range of aliphatic and

aromatic hydrocarbons. Surface modification of nanotubes with porphyrins and

polylactic acid imparts the device sensitivity as well as selectivity.29,78 A sensitive

and discriminative sensor for detection of alcohols, acids, and other VOCs has been

developed by the Johnson group through functionalization of the nanotube with

oligonucleotides (short DNAs). A sub-ppm level of VOC detection and identification

have also been reported using an array of carbon nanotube network modified with

nonpolymeric organic materials.79,111,112

14.3.4 Graphene-Based Sensors

Graphene is an allotrope of carbon having one-atom-thick sp2 carbon atoms tightly

packed into a two-dimensional (2-D) hexagonal honeycomb networks.80 In the

graphene lattice, two sub-lattices of carbon atoms couple together through strong

covalent bonds/σ-bonds and π-electron of each carbon atom in the lattice to form a

delocalized π-electron system.

Graphene possesses several interesting thermal, mechanical, optical, and elec-

tronic properties. It is thermally stable, mechanically strong, and optically trans-

parent. Graphene exhibits ambipolar electric field-effect behavior with huge

mobilities of charge carrier (15,000–200,000 cm2/V s), which is limited only by

the defects/impurity scattering.81,113,114 The high mobility facilitates the ballistic

transport of electron on submicron scale. Further, the dependency of electronic

properties to the adsorption when exposed to various analyte molecules, total
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exposure of all its surface carbon atoms for analyte adsorption, higher surface-to-

volume ration, possibilities to synthesize large-scale quality graphene sheet without

any impurities, and inertness towards the chemical used for conventional litho-

graphic process for making the sensor devices make graphene the next-generation

material for sensor applications.

Currently, there are four primary processes, epitaxial, mechanical exfoliation,

reduced graphene oxide, and chemical vapor deposition (CVD), which have been

employed to produce pristine graphene.

In the epitaxial method, graphene formation is initiated by the sublimation of Si

atoms and the formation of carbon-segregated surface containing mobile carbon

atoms, during the annealing at>1,300 �C either in ultrahigh vacuum or atmospheric

pressure. Diffusion of those carbon atoms on the surface at that high temperature

produces a monolayer of epitaxial graphene film on top of the solid sup-

port.82,115,116 The size of the graphene here depends on the size of the SiC substrate

used; hence a large-area graphene synthesis is possible with the help of this process.

In the mechanical exfoliation process, mono/few layers of graphene flake/sheet

is isolated from highly oriented pyrolytic graphite (HOPG) by repeated peeling/

exfoliation using scotch tape,81 ultrasonication,83 etc., followed by transferring to

SiO2/Si or any suitable substrate for the device fabrication. This is the cheapest

technique to produce a high-quality single-layer graphene flake. However, the size

of the graphene produced by this method is very small, few microns to millimetre

range, and hence not practical for commercial applications.

Reduced graphene oxide (RGO) platelets can be synthesized by dispersing the

graphene oxide (GO) in aqueous medium followed by reduction of GO by a reducing

agent. In general GO is synthesized using modified Brodie, Staudenmaier, or Hum-

mers methods where a strong oxidizer is used to oxidize the graphite. First two

methods involve a combination of potassium chlorate (KClO3) with nitric acid

(HNO3) to oxidize graphite, while the latter involves a combination of potassium

permanganate (KMnO4) and sulfuric acid (H2SO4) treatment to oxidize graphite. The

reduction of GO into graphene sheets can be done by reducing agents such as

hydrazine,84 hydroquinone,85 sodiumborohydride (NaBH4),
86,117 and ascorbic acid.87

In the CVD process, graphene is grown on metal surfaces by hydrocarbon

decomposition at elevated temperature (~800–1,100 �C). Large-area graphene

synthesis is possible using this process because of the availability of large metallic

substrate in the form of metallic films or foils. CVD growth of graphene has been

performed on several metallic substrates, but commonly used ones are copper

(Cu)88,118 and nickel (Ni).89,119

In 2007, Novoselov and co-workers first demonstrated the application of pristine

graphene as a sensor for room-temperature detection of NH3, NO2, and CO.90

Subsequently, Kern and co-workers functionalized graphene with palladium

nanoparticles to impart sensitivity towards hydrogen.91 Currently, there are not

many reports in the literature for detection of VOCs by pristine graphene. However,

graphene functionalized with ZnO10 and SnO2
92 nanoparticles and GO

functionalized with polypyrene93 have been reported for rapid and sensitive detec-

tion of formaldehyde, propanal, and toluene, respectively (Table 14.3).
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14.4 Conclusions

Recent advances in the rapidly developing field of electrochemical sensor technol-

ogy using engineered materials such as functionalized carbon nanostructure have

shown a great potential for VOC detection. However, in most cases the devised

sensor was tested in a control environment to estimate its sensing potential. Hence,

their effectiveness in real environment is questionable for real application.

Researchers around the world have achieved tremendous improvements in

lithographic techniques to fabricate FETs/chemiresistors; however, there are still

several challenges associated with bulk-scale fabrication of these devices with

reproducibility and reliability. Improvement in the lithographic methods/strategies

to make a high-density electrode along with the site-specific functionalization

strategy and/or engineered novel material synthesis for making an individually

addressable sensors array is required for the realization of sensor array for simul-

taneous multiple analyte identification and quantification in real environment.

Low-cost, low-power, reliable, robust, and portable electrochemical sensors that

are manufactured in industry are expected in near future.
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Chapter 15

Sulphur Compounds

Tjarda J. Roberts

This chapter presents a review of electrochemical sensors applied to the detection

of sulphur compounds in the atmosphere, with a focus on environmental analysis of

volcanic emissions of H2S and SO2. It describes the application to environmental

monitoring of low-cost, low-power, miniature electrochemical sensors, originally

developed for use in gas leak alarm systems within industry and for occupational

health and safety monitoring systems. Over the last decade, such miniature elec-

trochemical sensors have begun to be applied to real-time environmental monitor-

ing of pollutants, including the characterisation of volcanic sulphurous emissions.

This review outlines the principles of electrochemical sensor detection of volcanic

gases, and highlights recent advances made in volcano hazard monitoring by using

electrochemical sensors within multi-gas in situ measurement systems. A critical

view on sources of measurement error in the characterisation of pollution plumes by

electrochemical (and other) in situ sensors is presented, including the challenges

imposed by sensor cross-sensitivities and finite sensor response within complex

plume environments. Finally, future directions in this field are outlined, including

the application of miniature electrochemical sensors to the monitoring of urban

pollution, and sensor deployment on novel platforms such as balloon or unmanned

aerial vehicle.
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15.1 Introduction

15.1.1 Sources of Sulphur to the Atmosphere

Sulphur is found in the atmosphere predominantly in the form SO2, at typical

abundances of pptv to ppbv. Elevated concentrations may occur near source

emissions, or in cities where SO2 contributes to photochemical smog pollution: a

public health concern. SO2 becomes oxidised to sulphuric acid (sulphate) aerosols

in the atmosphere, with significant effects on regional and global climate, as well as

ecosystems through sulphuric acid deposition. Atmospheric sulphur originates from

both anthropogenic and natural sources, with anthropogenic emissions (60–100 Mt

(S) year�1) estimated to represent about 70 % of present-day global sulphur

emissions (1 and references therein). A major anthropogenic source is the burning

of fossil fuels (as coal and crude oil deposits commonly contain 1–2 % sulphur by

weight), in power stations, and from ship and road transport.2 Smelting of metal

sulphur ores can also be a strong localised source of atmospheric sulphur. Natural

sources contribute the remaining 30 % of global sulphur emissions. These include

an oceanic source (13–36 Mt(S) year�1), volcanoes (6–20 Mt(S) year�1), biomass

burning (1–6 Mt(S) year�1) and land biota and soils (0.4–5.6 Mt(S) year�1). The

oceanic source consists of oceanic plankton that release dimethyl sulphide

(CH3SCH3) to the marine boundary layer, and sea spray which is a source of

sulphate aerosol. The volcanic source consists principally of SO2 and H2S

(as well as smaller quantities of OCS and H2SO4), which become oxidised to SO2

and sulphate aerosol in the atmosphere. Wildfires (arguably both a natural and

anthropogenic phenomenon) are also a source of SO2, whilst decomposition of

biological matter in soils, especially through anaerobic decomposition, leads to the

emission of H2S, which becomes oxidised to SO2 in the atmosphere.

The balance between anthropogenic and natural sources has changed over time.

Anthropogenic emissions from Europe and North America have declined in recent

years following legislative action and the introduction of new technologies such as

flue gas desulphurisation (FGD). Mareckova et al.3 estimate that over the period

1990–2010, annual SOx emissions declined from 21 to 15 Tg for the USA, and from

25 to 5 Tg for the European Union. Declining trends are also evident in the

occurrence of acid rain, and in records of sulphur (but not reactive nitrogen)

pollution that undergoes long-range transport followed by deposition in the Arc-

tic4,5). Conversely, annual SO2 emissions from China were relatively stable or

declining during the 1990s but increased by 50 % over 2000–2006 to reach 33 Tg

due to rapid economic growth and energy consumption.6 Since 2006, legislative

and industry pollution reduction measures such as FGS have successfully reduced

SO2 emissions in China.
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15.1.2 Health Impacts and Exposure Limits to Sulphurous
Gases

Both SO2 and H2S are highly toxic to health, and exposure to their oxidation

product, sulphuric acid aerosol—particularly fine particles (PM2.5, having diame-

ter of 2.5 μm or less)—is also associated with adverse health impacts. SO2 and

sulphate aerosol exposure causes increased airway resistance, with asthma sufferers

being particularly susceptible. WHO (World Health Organisation) guidelines rec-

ommend short-term SO2 exposure should not exceed 500 μg/m3 over 10 min whilst

the long-term average exposure limit has recently been revised downwards from

125 to 20 μg/m3 over 24 h.7 H2S affects the nervous system, causing eye irritation at

15 mg/m3 (9 ppmv) and serious eye damage at 70 mg/m3 (43 ppmv), and concen-

trations above 400 mg/m3 (250 ppmv) can cause unconsciousness and death. The

WHO-recommended average exposure limit for H2S is 0.15 mg/m3 over 24 h, with

a recommended 30-min 7 μg/m3 maximum to avoid odour annoyance in the general

population, noting its characteristic ‘rotten egg’ odour.

Exposure to sulphurous and other toxic gases at high concentrations is of

particular concern within industry, where accidental gas release can present a

significant occupational exposure hazard. For example, hydrogen sulphide is

formed as a by-product whenever sulphur-containing compounds come into contact

with organic materials at high temperatures, such as in wastewater treatment, in

wood pulp production (using the sulphate method), during coke production, in the

manufacture of viscose rayon and in the tanning industry.8 H2S exposure is also a

significant hazard in the oil and gas industry; natural gas deposits can contain up to

40 % hydrogen sulphide, and in work related to the treatment of sewage and farm

slurry. An accident at a natural gas-treatment plant in Poza Rica, Mexico, in 1950

resulted in a major hydrogen sulphide gas leak (likely several thousands of ppmv),

with 22 killed and 320 hospitalized (WHO air quality guidelines for Europe7 and

references therein). Such very large gas releases are rare, but occasional H2S

exposure to industry workers is not uncommon. In the UK, there is potential H2S

exposure to an estimated 125,000 workers in the treatment of sewage, effluent

waste and farm slurry, and 3,000 workers in the offshore oil and gas industries.

Industry H2S exposure limits of 5 ppm (8 h average) and 10 ppm (short-term 15-min

exposure limit) are currently recommended in the UK.8

15.1.3 Electrochemical Detection of Toxic Gases
Within Industry

To improve industry safety, a range of electrochemical sensors that detect toxic

gases have been developed. Such sensors can be used for flue gas emission testing.

They are integrated into industry sites as part of gas leak alarm systems, which

trigger an alarm if gas is detected above a particular threshold, enabling rapid
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evacuation following a gas leak, and a toxic hazard safety team to be directly

dispatched to the polluted area. Output from such electrochemical sensors can also be

monitored over time to assess variations in on-site gas exposure. A range of electro-

chemical sensors are commercially available to detect gases such as CO, H2, HCl,

NH3 as well as H2S and SO2. Sensor company Interscan has developed portable

(2 kg) electrochemical-sensor-based instruments with integrated sample-draw pump,

capable of detecting ppmv and sub-ppmv concentrations of H2S or SO2. Sensor

technology companies such as Alphasense Ltd, CityTech and Membrapor have

developed miniature electrochemical sensors to detect toxic gases (including SO2

and H2S). The small size of these sensors—just a few cm and less than 10 g—enables

such sensor alarm systems to be worn by the industry workers, thus providing

industry exposure estimates on an individual level. Figure 15.1 illustrates the mini-

ature size of these electrochemical sensors. The sensor’s three electrodes are sepa-

rated by wetting filters that allow capillary transport of the electrolyte (typically

H2SO4(aq)). Gas diffusion into the cell leads to reactions at the working and

counter electrodes. A general review is given by Stetter and Li,9 highlighting the

key working electrode reactions for SO2 and H2S electrochemical sensors:

SO2 + 2H2O! SO4
2�+4H++ 2e� and H2S+ 4H2O! SO4

2�+ 10H++8e�, respec-
tively. The electrochemical current thereby generated is proportional to the rate of gas

Fig. 15.1 Photograph of miniature (cm-sized) electrochemical sensor, and sensor diagram (image

supplied by Alphasense Ltd)

1050 T.J. Roberts



diffusion, hence gas mixing ratio abundance in the ambient atmosphere. For more

details see manufacturers’ websites (www.alphasense.com, www.citytech.com,

www.membrapor.com).

15.1.4 Sulphur Gas Detection for Volcano Monitoring
and Impact Assessment

During the last decade, the abovementioned portable electrochemical instrument

and miniature electrochemical sensors have also been applied to environmental

pollution monitoring within a research context. The low cost, low power and small

size of the electrochemical sensors present advantages for the monitoring of gases

in remote, challenging-to-access regions, where power supply is limited. In partic-

ular, the sensors have been applied to quantify sulphurous emissions from the

remote summits of volcanoes. Volcanoes release a range of gases and aerosols,

including H2O, CO2, SO2, HCl, H2S, SO4
2�, OCS, HBr, HI, Hg and trace metals

(in decreasing order of abundance). The major volcanic sulphurous emissions, SO2

and H2S, typically reach several to tens or hundreds of ppmv at the volcano crater

rim, and thus are readily detectable by electrochemical sensor in the near-source or

downwind plume.

The technological advance such electrochemical sensors bring to the monitor-

ing, characterisation and quantification of volcano gas emissions is of interest to

both volcanology and environmental science. Volcanologists monitor the compo-

sition and flux of volcano gas emissions in order to understand the subsurface

process; a review for volcanic sulphur is provided by Oppenheimer et al.10 Tem-

poral changes in the observed volcanic sulphur emissions—both in terms of gas flux

and gas composition—can provide predictive indications of changes in volcanic

eruptive activity. Thus, monitoring of the volcanic gas emissions facilitates under-

standing of the subsurface magmatic conditions and can contribute to early-warning

systems for volcanic unrest.

Observations of volcanic emissions are also integral to the assessment of plume

atmospheric and ecological impacts, on local to global scales. Approximately 40 %

of volcanic emissions are continuously released from persistently degassing volca-

noes, into the lower-mid troposphere.11 At low altitudes, such emissions impact

local air quality (e.g. resulting in sulphurous volcanic smog, or VOG episodes of

poor air quality12) and cause ecological damage (e.g. impacting a 22 km2 zone

downwind of Masaya volcano, Nicaragua, according to reference (13). For volca-

noes that have high altitude summits (e.g. Mt Etna, 3,300 m a.s.l.), the emission

enters directly into the free troposphere, which limits the extent of a local impact

but results in a prolonged atmospheric lifetime of the emission. Approximately

60 % of global volcanic emissions are released during explosive eruptions (such as

Mt Pinatubo, 15 June 1991) that inject gases directly into the mid-upper tropo-

sphere or stratosphere. At stratospheric altitudes, inter-hemispheric dispersion and
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oxidation of volcanic SO2 to sunlight-scattering sulphate aerosol can lead to

significant climate impacts.14

Thus, there is a strong interest in incorporating new low-cost, low-power

electrochemical gas-sensing techniques to volcanic gas detection. Within

volcano-monitoring networks, electrochemical sensors offer the potential for auto-

mated in situ monitoring of gas concentrations at the volcano summit, with wireless

data transfer to the observatory in real time. This contrasts to traditional more

labour-intensive methods for in situ gas sampling, involving sample collection by

alkaline bottle or filter trap,15 followed by laboratory analysis. Electrochemical

sensors deployed on airborne platforms can also be used to detect the composition

of the volcanic emission, and also map the plume dispersion16,17 and study

in-plume chemical processing,18 thereby contributing observational data to support

plume impact assessment.

15.2 Electrochemical Sensing of Volcanic Gas Emissions

15.2.1 Development of “Multi-Gas” in Situ Volcanic Gas
Measurement Systems

The first application of a commercial (Interscan) H2S instrument to volcanic gas

detection was demonstrated by McGee et al.,16 and was followed by further ground-

based and airborne applications of this portable (2 kg) instrument to measure H2S

and SO2 at a range of volcanoes.
17–21 In particular, these studies have demonstrated

the capability of airborne plume mapping using electrochemical sensor instruments

alongside other in situ sensors. Of growing interest is the application of miniature

electrochemical sensors to detect volcanic gases, due to their small size (few cm

and ~10 g), low cost and low power requirements. Such miniature electrochemical

sensors have been integrated alongside other small sensors into backpack-sized

portable sensing systems. The first so-called multi-gas system was developed by

Shinohara22 followed by numerous further volcanic applications.23–42

Table 15.1 summarizes notable developments in multi-gas instrumentation and

volcanic electrochemical sensor deployments over the past decade. The first multi-

gas system contained an electrochemical sensor for SO2 and a CO2 sensor based on

infra-red spectroscopy.22 Subsequent multi-gas instrument developments include

the incorporation of an additional electrochemical sensor for H2S,
28,37 and infra-red

spectroscopic detection of H2O alongside CO2.
23,25,32 Recently, electrochemical

sensor detection of volcanic H2 has been demonstrated,33 as well as CO and HCl.42

The multi-gas systems have also been deployed alongside other in situ sensors,

e.g. references (36, 37) and instrument miniaturisation has recently allowed deploy-

ment on novel platforms.25,39,40,43

Deployment of a multi-gas system to analyse gas emissions from the fumaroles

of La Fossa crater, Vulcano, Italy, is illustrated in Fig. 15.2a. To make in situ
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Table 15.1 Overview of multi-gas instruments that incorporate electrochemical sensors for in situ

detection of volcanic gases as portable “backpack” and fixed-installation instruments, as well as

commercial instruments based on electrochemical sensing techniques

Gases

detected Method Comments

SO2 Commercial

electrochemical

instrument

Airborne, in the plume of Mt. Baker (USA) 16

SO2 As above Heliborne, alongside CO2 instrument (prototype

sensor deployed), plume of Miyakejima (Japan)

19

SO2 As above Ground based, alongside CO2 instrument, plume

of Kilauea (Hawaii, USA)

20

SO2 As above Airborne, alongside CO2 and H2S sensors, plume

of White Island volcano, New Zealand

21

H2S, SO2 As above All measurements integrated in single data

acquisition system, in the eruption plume of

Mt. Redoubt

17

H2S, SO2 As above Simultaneous measurements of in-plume ozone

depletion, in eruption plume of Mt. Redoubt

18

SO2 Electrochemical First portable multi-gas system, deployed at

Tarumae, Tokachi and Meakan volcanoes

(Japan)

22

CO2 Infra-red

Humidity

(H2O)

Capacitance

As above

+H2O

Infra-red In plume of Villarrica (Chile) 23

As above In Mt. Etna (Italy) plume 25

As above

+H2

Semi-conductor Plumes of Meakandake and Kuchinoerabujima

(Japan)

44,45

As above Portable, deployed on UAV in plume of

Shinmoedake (Japan)

25

SO2, H2S Electrochemical Direct-to-vent detection of Nisyros fumaroles

(Greece)

26

CO2 Infra-red Long-term installation with data telemetry and

remote operation

27

SO2, H2S Electrochemical Portable system, chemical mapping of fumarolic

emissions from Vulcano and Mt. Etna (Italy)

28,29

CO2 Infra-red

Humidity

(H2O)

Capacitance

As above Simultaneous Hg instrument in fumaroles at

Vulcano (Italy)

30

As above

+H2O

H2O infra-red In plume of Mt. Etna (Italy) 31

As above Long-term automated system with data telemetry

at Stromboli (Italy)

32,34,35

As above

+H2

Electrochemical In plume of Mt. Etna 33

(continued)
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measurements in such a polluted environment requires a gas mask to be worn, as

plume sulphur gas concentrations that can reach several hundreds of ppmv. In fact,

H2S and SO2 concentrations are sufficiently high to react and form a yellow sulphur

deposit around the fumarole vents as seen in Fig. 15.2a. Details of the instrument

design are shown in Fig. 15.2b. This multi-gas system contains a suite of electro-

chemical sensors (capable of detecting H2S, SO2, CO, H2 and HCl) with the air flow

drawn over the sensors (contained in small housing) by a miniature pump. The

electrochemical sensors generate a current output (nA) that is stored every second

using a handheld computer. A filter on the inlet removes particles in order to

prolong the sensor and pump lifetime. The system is approximately ‘shoe-box’

sized and is powered by a 12 V battery. See reference (42) for further information.

An example of data obtained using this instrument at the crater rim of Aso

volcano (also detecting fumarolic emissions) is shown in Fig. 15.3. The sensor

current outputs show co-varying variations with time (all sensor currents are

positive except for HCl which also exhibits a larger baseline drift). These variations

reflect the exposure of the instrument to fluctuating plume concentrations, due to

the complex wind fields at the volcano summit. Gas mixing ratio time series derived

from the sensor current outputs are shown in Fig. 15.3 and show similar co-varying

variations with time that reflects the temporal plume exposure. Scatter plots of these

gases relative to plume tracer SO2 are shown in Fig. 15.4, with linear regression

used to identify the characteristic molar gas ratio, finding H2/SO2¼ 0.2,

Table 15.1 (continued)

Gases

detected Method Comments

SO2, H2S Electrochemical Portable and simultaneous with Hg instrument, in

plume of Masaya and Telica volcanoes,

Nicaragua

36

CO2 Infra-red In the Tatun fumarole field (Taiwan) 37

Humidity

(H2O)

Capacitance

SO2, H2S,

CO

Electrochemical Portable, Solfatar crater (Italy) 38

SO2 Electrochemical Deployed on UAV in fumarole plume from

Vulcano (Italy)

39

CO2 Infra-red

SO2 Electrochemical Deployed on CMET Balloon in Kilauea plume

(Hawaii)

40

Humidity

(H2O)

Capacitance

SO2, H2S,

CO, H2,

HCl

Electrochemical Portable, deployed in plumes of Villarrica (Chile) 41

As above In plume of Mt. Aso (Japan) 42

SO2 Electrochemical Portable, deployed on UAV in plume of Turrialba

Volcano (Costa Rica)

43
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CO/SO2¼ 0.02, for H2S/SO2¼ 0.15, with estimated error of �0.01. These mea-

surements show that under the reduced magmatic conditions of this fumarolic

emission, reduced gases (such as H2, H2S and CO) are relatively abundant so as

to be detectable. The general correlation with plume tracer SO2 suggests limited

in-plume chemistry of these species between their emission and detection

(~minutes). Details of electrochemical sensor data analysis methodology are now

discussed.

Fig. 15.2 Upper: Deployment of multi-gas instruments in fumaroles at Vulcano (Italy). Lower:
Diagram of multi-gas instrument that includes six electrochemical sensors, as described by

Roberts et al.42

15 Sulphur Compounds 1055



Fig. 15.3 Upper figure: Raw data showing 1 Hz time series of instrument output for electro-

chemical sensors SO2-AF, H2S-A1, NO2-A1, CO-AX, CO-AF and HCl-A1 at Aso volcano (42 for

details). Lower figure: Processed data showing SO2, H2S, H2, CO and HCl gas ppmv mixing ratio

time series determined from analysis of the 1 Hz sensor signal
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15.2.2 Data Analysis and the Importance of Sensor
Cross-Sensitivities

Volcanic gas abundances encountered at the crater rim are sufficiently high (few to

hundreds of ppmv) so as to be readily detected by electrochemical sensors, with the

sensor current proportional to the gas abundance. However, the plume environment

consists of a complex cocktail of volcanic gases that can cause interferences in the

gas detection, and which must be removed during data post-processing. Electro-

chemical sensors for SO2 typically do not exhibit significant cross-sensitivities to

other volcanic gases (an integrated filter on the sensor prevents interferences from

H2S). Thus, Eq. (15.1) shows that the sensor output current, ISO2 (in nA), is related

to the SO2 mixing ratio, [SO2], by the sensor sensitivity, cSO2 (in nA/ppmv), a

constant determined from laboratory calibration. The baseline current, BSO2, may

also need to be removed during data analysis, but can be readily determined during

periods when the volcano plume is absent:

ISO2 ¼ BSO2 þ cSO2 � SO2½ � ð15:1Þ
IH2S ¼ BH2S þ sH2S � H2S½ � þ csSO2 � SO2½ � ð15:2Þ

Fig. 15.4 Scatter plots of the gas mixing ratios derived from the electrochemical sensor data of

Fig. 15.3, shown as X versus SO2 where X is H2, CO or H2S. The estimate of H2S from NO2-A1

sensor is preferred over that of H2S-A1 sensor which exhibits enhanced scatter: see text for

explanation. Linear regression is used to determine the characteristic gas ratios in the Aso volcano

fumarole emission

15 Sulphur Compounds 1057



However, electrochemical sensors for H2S do tend to exhibit a cross-sensitivity

to SO2, of around 10–20 %. Thus the H2S sensor current, Eq. (15.2), is a function of

the baseline, BH2S, the H2S mixing ratio, [H2S], according to the sensor sensitivity,

cH2S, and also the SO2 mixing ratio, [SO2], according to the sensor cross-sensitivity,

csSO2. The interference from SO2 can be removed during data post-processing,

provided both the H2S sensor sensitivity and cross-sensitivity are known, and by

using the concurrent SO2 mixing ratio determined from the SO2 sensor. It is

important that sensor cross-sensitivities are properly taken into account for accurate

determination of plume gas ratios. For example, in a plume with H2S/SO2¼ 0.05

gas ratio, failure to remove a 10 % cross-sensitivity of an H2S sensor to SO2 would

lead to a measured gas ratio of 0.15, i.e. an error of 300 %. Alternatively, a filter

may be applied to the specific sensor inlet to remove SO2, e.g. references
(44, 45);

however care must be taken that it does not co-remove H2S.

Nevertheless, sensor cross-sensitivities can also bring new opportunities for gas

measurement. Roberts et al.42 deployed an NO2 sensor in the plumes of Japanese

volcanoes Aso and Miyakejima, and, noting that NO2 concentrations were much

less than H2S, used the sensor’s cross-sensitivity to measure H2S abundance. The

sensor presented advantages over traditional H2S sensors because it did not exhibit

a cross-sensitivity to SO2, and also because the time-response of the NO2 sensor

(to H2S) is more similar to the SO2 sensor (see further discussion of measurement

uncertainties below). In the same study42 Roberts et al. also co-deployed two CO

sensors, both of which exhibited cross-sensitivities to H2. By co-analysing the two

sensor outputs (which contrasted in their degree of cross-sensitivity), both CO and

H2 abundances could be determined in the volcanic plume.

15.2.3 Critical View on Sources of Multi-Gas
Measurement Error

The accuracy of plume gas ratios reported from multi-gas systems depends on a

number of factors influencing the sensor measurement error. These include sensor

calibration, linearity and possible calibration drift, the sensor baseline and possible

temperature, humidity and pressure dependences of the sensor output, as outlined

below.

Of key importance is the sensitivity of the sensor current or voltage output,

expressed as nA/ppmv or mV/ppmv of target gas, and any cross-sensitivity to

nontarget gases, as mentioned above. These sensitivities are usually quantified by

pre- and/or post-fieldwork laboratory calibrations where the sensor is exposed to a

fixed concentration of gas. Such point calibrations assume linearity of the sensor

responses to the target gases, which is generally a valid assumption; see, e.g.,

reference(42). In order to reduce adverse effects from possible sensitivity drift,

calibrations should be performed immediately prior to or after the fieldwork.

Further, the laboratory calibrations performed at room temperature (~20–25 �C)
and ambient pressure (~1 atm) do not necessarily reflect sensor properties at the
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temperature and pressure of the field measurements at the volcano summit (typi-

cally between a few hundred metres and 4 km altitude a.s.l.). Both atmospheric

pressure and temperature decrease with altitude in the troposphere, the latter also

varying diurnally and with season and latitude. Few studies have considered these

effects on multi-gas measurements.

In addition to the above, it has recently been shown that the finite response time of

the sensors is also a source of multi-gas measurement error, particularly in plumes

with fluctuating gas abundance.46 Direct comparison of output from sensors with

contrasting response times can result in enhanced scatter and also bias in the derived

volcanic gas ratios, and hence lead to inaccurate estimations of plume composition.

Such errors are enhanced when interferences are removed in post-processing

(e.g. for H2S from the H2S-A1 sensor in Fig. 15.2). Both data integration tech-

niques46 and sensor response modelling approaches42 have been proposed to combat

these measurement uncertainties. Sensors with vastly contrasting response times

exhibit non-identical responses to fluctuating plume gas concentrations and thus

cannot be compared directly. An example is the determination of HCl/SO2 ratios

from a fast SO2 (~12 s response time) and slow HCl (approximately few minutes

response time) sensor; Fig. 15.342 proposes the following sensor response modelling

approach to analyse the data. A slower response SO2 signal, SO2
SIM, is first simu-

lated from the fast response SO2 output, SO2
FAST, using Eq. (15.3) that is iteratively

applied (beyond the starting value of SO2
SIM

(t¼1) that is set to SO2
FAST

(t¼1)). The

slowness factor, F, takes a value between 0 and 1, and can either be determined from

laboratory measurements of sensor response time or inferred by optimising the

correlation between the HCl sensor and SO2
SIM. Figure 15.5 shows how the slow

response SO2 signal, SO2
SIM, exhibits much greater similarity to the HCl sensor

signal than the fast SO2 measurement. Once the slow response SO2 signal, SO2
SIM,

has been generated, it can be directly compared to the HCl sensor output, and a

Fig. 15.5 The importance of sensor response time illustrated for HCl and SO2 sensor pair. Left:
SO2 and HCl ppmv time series illustrated alongside a simulated slow SO2 time series using E3,

SO2
sim. The latter has an improved correlation to HCl compared to the standard SO2 time series.

Right: Scatter plot of HCl versus simulated slow SO2 time series used to derive an estimate for

HCl/SO2 ratio
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scatter plot of HCl versus SO2
SIM used to estimate the HCl/SO2 ratio. For the

fumaroles of Aso volcano, it was estimated that HCl/SO2¼ 0.1� 0.02:

SOSIM
2 tð Þ ¼ F � SOSIM

2 t�1ð Þ þ 1� Fð Þ � SOFAST
2 tð Þ ð15:3Þ

Further sensor response modelling approaches are in development for other

multi-gas sensor pairs. In summary, it is emphasized that accurate determination

of plume gas ratios from co-deployed in situ electrochemical (and other) sensors

requires a consideration of sensor response times. Non-identical sensor response

times can result in scatter and bias in the derived gas ratios, particularly in cases

where cross-sensitivities need to be removed. Reported plume gas ratios frommulti-

gas instruments may need to be revisited in this context, and the effect is likely also

important in the monitoring of other environments, such as urban pollution.

15.2.4 Insights Gained from Electrochemical Sensing
of Volcanic Emissions

The growing application of electrochemical sensors to volcanic gas monitoring is

bringing a wealth of new data on gas composition. Notwithstanding the

abovementioned issues concerning measurement uncertainties, it is clear that

electrochemical sensors bring new and valuable insights into volcanology, as

highlighted by the examples below.

The volcanic plume composition, as quantified by the observed volcanic gas

ratios, reflects the subsurface volcanic conditions. Partitioning between reduced and

oxidised gases leads to characteristic H2S/SO2, CO/CO2 and H2/H2O in the volcanic

emission.47 These gas ratios are dependent on the magmatic redox state, temperature

and pressure, and thus can be used to infer subsurface magmatic plumbing scenarios.

For example, Edmonds et al.48 deployed a multi-gas electrochemical sensor system

(including an electrochemical sensor for SO2 alongside a separate in situ CO2 (infra-

red sensor)) during the 2008–2010 summit eruption of Kilauea volcano, Hawaii.

Analysis of the CO2/SO2 ratio was used to infer sub-surface magmatic plumbing

during the eruption. The CO2/SO2 ratio in the main summit crater plume was lower

than expected based on the previous eruptive history, yet during periods when the

plume was absent (e.g. due to wind direction that advected it away from the sensors)

CO2-enriched (but SO2 poor) air masses were occasionally observed. It was inferred

that CO2 accumulation at the magma chamber roof followed by diffuse degassing

through permeable rock was likely responsible for this separation of volcanic sulphur

and carbon emissions to the atmosphere.

Moreover, repeated or continuous monitoring of the volcanic emission chemical

composition over time can provide useful insights into temporal changes in the

subsurface magmatic processes. For example, Aiuppa et al.34,35 used three fully

automated multi-gas instruments at the summit of Mt. Stromboli, to measure CO2

and SO2 gas concentrations over several years. The observations were analysed to
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yield CO2/SO2 time series as well as CO2 fluxes. It was shown that major explo-

sions at Stromboli are systematically preceded by a phase of increasing CO2

degassing, with CO2/SO2 increasing from ~5 to >20. This finding is in agreement

to conceptual models of volcanic degassing at Stromboli, indicating a subsurface

separation and accumulation of CO2-rich gas bubbles, whose episodical release

results in an explosive event. This demonstrated capability of automated multi-gas

monitoring systems to detect temporal changes in the plume gas ratio opens new

promising perspectives for in situ electrochemical sensor methods in the forecasting

of explosive volcanic events in future.

15.3 Future Directions for Miniature Electrochemical

Sensors

15.3.1 Electrochemical Sensor Deployments
on Novel Platforms

The lightweight, low-cost and low-power properties of miniature electrochemical

sensors make the sensors very suitable for deployment on novel platforms such as

unmanned aerial vehicle (UAV). Such platforms can be advantageous if deploy-

ment of in situ sensors is impractical due to a high risk of an imminent explosive

volcanic eruption, or where the region of volcanic degassing cannot practically be

accessed using a handheld instrument. Some recent volcanological applications are

outlined below.

McGonigle et al.39 presented the first study to use an in situ electrochemical

sensor deployed on an unmanned aerial vehicle alongside an infra-red spectrometer

to characterise CO2 and SO2 in the plume�200 m downwind of La Fossa, Vulcano,

Italy. This study demonstrated the advantages of UAV-based sensing not only from

a safety perspective (obtaining plume measurements with minimal personal gas

exposure), but also to quantify the bulk plume emission arising from individual

fumarole sources.

Shinohara25 performed a UAV-based characterisation of the plume from

Shinmoedake, Kirishima volcano, Japan, using electrochemical and other in situ

sensors. Due to ongoing explosive eruptive activity, access to the volcano summit

area 4 km around the volcano was restricted (even for manned aircraft). Therefore

this study demonstrates UAVs as a viable method to obtain plume gas measure-

ments under hazardous summit conditions. Several molar gas ratios were deter-

mined during a period with Vulcanian eruptions in May 2011, including CO2/

SO2¼ 8, H2O/CO2¼ 70 and H2/SO2¼ 0.03. It was found that plume SO2/H2S

showed a decrease over March to May 2011 from 8 to 0.8, which is interpreted as

resulting from an increase in degassing pressure of the volcano.

Pieri et al.43 present measurements of SO2 in the plume of Turrialba Volcano in

Costa Rica for UAV flights that reach up to 3.5 km. This study demonstrates the first
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routine (monthly deployments since 2013) UAV-based SO2 data acquisition and are

being used for validation of satellite SO2 retrievals during ASTER (Advanced

Spaceborne Thermal Emission and Reflection Radiometer, ASTER) overpasses.

Pieri et al.43 also provide an overview of reported UAV approaches to volcanic

plume detection as well as tethered and meteorological balloon applications.

UAVs can also be used to explore the temporal evolution of the volcano plume

chemistry. A novel CMET (controlled meteorological) balloon system49 has been

used to follow the trajectory of the Kilauea (Hawaii) plume to perform quasi-

Lagrangian studies of the plume evolution. Observations from the payload that

included an electrochemical SO2 sensor as well temperature, pressure and humidity

sensors40 demonstrated correlation between SO2 and humidity in the near-source

plume, but appear to show anti-correlation further downwind, potentially due to

in-plume processing.

Finally, the potential of in situ sensors upon airborne platforms to perform

detailed plume characterisation and chemical mapping and to trace the chemical

evolution of the plume with time is shown by Kelly et al.18 who deployed an

electrochemical SO2 sensor alongside an ozone sensor based on UV spectroscopy

on an instrumented aircraft. Through repeated transects across the plume, the

dispersion of SO2 downwind of the volcano could be mapped. Moreover, the

ozone sensor identified rapid ozone depletion within the plume. This ozone deple-

tion was attributed to rapid in-plume reactive halogen chemistry: numerical simu-

lations using the PlumeChemmodel50 were able to spatially reproduce the observed

ozone depletion for the reported SO2 flux and dispersion rate. It is anticipated that

further advances in instrumented balloon and UAV technologies will allow air-

borne chemical mapping studies to become more frequent in future in order to

probe the plume impact on downwind atmospheric chemistry, as well as quantify

the emissions near source.

15.3.2 Improved Accuracy and Detection Limit:
Applications Beyond Volcanoes

Improvements to the sensitivity and stability specifications of commercially avail-

able miniature electrochemical sensors have also brought the possibility to measure

gases at ever lower concentrations, and the capability to detect pollutants in new

environments. To improve resolution and detection limits, the miniature electro-

chemical sensors should be deployed using low noise electronics. Figure 15.6

(upper) illustrates the detection of SO2 in the relatively dilute grounding plume

from Mt. Etna, using high- and low-sensitivity electrochemical sensors logging at

1 Hz and 0.1 Hz, respectively, and low-noise electronics. The two sensors show

very similar response to the plume gases, and are capable of observing sub-ppmv

(tens to hundreds of ppbv) variations in SO2 gas abundance. Baseline noise is

lowest for the high-sensitivity sensor.
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Similar miniature electrochemical sensors have recently been applied to quanti-

fying ozone, CO, NO and NO2 pollution in an urban environment51–53 in stationary

networks as well as on moving (tramway, pedestrian, bicyclist) platforms. This

potential for urban monitoring is demonstrated here through a short instrument

deployment at urban cross-roads in Orleans (France). Figure 15.6 (lower) shows

the electrochemical sensor response to emissions from passing traffic, where

‘excess’ CO and NO2 are calculated by subtracting the constant background abun-

dance. The SO2 (high sensitivity) sensor is used here to detect NO2 by means of its

~�120 % cross-sensitivity to this gas, whilst a CO sensor is used to detect CO. Note

that in urban environments the SO2 electrochemical sensor signal due to NO2 greatly

exceeds that due to volcanic sulphurous gases, in contrast to volcanic plumes. The

measurements of Fig. 15.6 show fluctuations in excess NO2 and CO abundance that

exhibit a degree of independence, with the CO traffic signal generally exceeding

NO2. These observations are similar to the study of Mead et al.53

At low concentrations (e.g. towards background levels), the zero-gas baseline

exerts a more significant influence on the sensor output current, and needs careful

correction.53 Issues of sensor cross-sensitivity also need to be considered, for

example, the interferences of H2 on the detection of CO. Future urban sensor

networks may co-deploy additional sensors in order to extract these interferences,

Fig. 15.6 Upper: SO2 mixing ratio time series obtained in a dilute downwind volcanic plume

using low-noise electronics, logging output from two non-identical miniature electrochemical SO2

sensors with high sensitivity (black) and lower sensitivity (purple), at 1 Hz and 0.1 Hz, respec-

tively. Lower: Mixing ratio abundances of excess (plume peaks - background) CO and NO2 at a

cross-roads in an urban environment (Orleans, France), measured at 1 Hz using low-noise

electronics, with the high-sensitivity SO2 sensor used to detect NO2 (cross-sensitivity �120 %)

alongside a high-sensitivity sensor for CO
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in analogous manner to the approach demonstrated by Roberts et al.42 regarding CO

and H2 in volcanic plumes. Measurement errors caused by finite sensor response to

fluctuating gas abundances, as highlighted above, are also likely of quantitative

importance in electrochemical sensing of urban pollution. Whilst these measure-

ment uncertainties require further careful consideration, miniature electrochemical

sensor technology appears a promising low-cost method for urban pollutant and

personal health (as well as volcano) monitoring in future.
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35. Aiuppa A, Bertagnini A, Métrich A, Di Muro A, Liuzzo M, Tamburello G (2010) A model of

degassing for Stromboli volcano. Earth Planet Sci Lett 295(1–2):195–204

36. Witt MLI, Mather TA, Pyle DM, Aiuppa A, Bagnato E, Tsanev VI (2008) Mercury and

halogen emissions from Masaya and Telica volcanoes, Nicaragua. J Geophys Res Solid Earth

113, B06203

37. Witt M, Fischer TP, Pyle DM, Yang TF, Zellmer GF (2008) Fumarole compositions and

mercury emissions from the Tatun Volcanic Field, Taiwan: results from multi-component gas

analyser, portable mercury spectrometer and direct sampling techniques. J Volcanol Geotherm

Res 178(4):636–643

38. De Vito S, Massera E, Quercia L, Di Francia G (2007) Analysis of volcanic gases by means of

electronic nose. Sensor Actuat B Chem 127(1):36–41

39. McGonigle AJS, Aiuppa A, Giudice G, Tamburello G, Hodson AJ, Gurrieri S (2008)

Unmanned aerial vehicle measurements of volcanic carbon dioxide fluxes. Geophys Res

Lett 35, L06303

40. Durant A, Voss P, Watson M, Roberts TJ, Thomas H, Prate F, Sutton J, Mather T, Witt M,

Patrick M (2010) Real-time in situ measurements of volcanic plume physico-chemical prop-

erties using controlled METeorological balloons. EGU General Assembly 2010. 2–7 May

2010, Vienna, Austria, p. 4937

41. Sawyer GM, Salerno GG, Le Blond JS, Martin RS, Spampinato L, Roberts TJ, Mather TA,

Witt MLI, Tsanev VI, Oppenheimer C (2011) Gas and aerosol emissions from Villarrica

volcano, Chile. J Volcanol Geotherm Res 203:62–75

42. Roberts TJ, Braban CF, Oppenheimer C, Martin RS, Freshwater RA, Dawson DH, Griffiths

PT, Cox RA, Saffell JR, Jones RL (2012) Electrochemical sensing of volcanic gases. Chem

Geol 332–333:74–91

43. Pieri DD, Diaz JA, Bland G, Fladeland M, Madrigal Y, Corrales E, Alan A, Realmuto V,

Miles T, Abtahi A (2013) In situ observations and sampling of volcanic emissions with Nasa

and Ucr unmanned aircraft including a case study at Turrialba volcano, Costa Rica. In: Pyle

DM, Mather TA, Biggs J (eds). Remote-sensing of volcanoes and volcanic processes: inte-

grating observation and modelling. Geological Society, London. Geological Society Special

Publication 380

44. Shinohara H, Matsushima N, Kazahaya K, Ohwada M (2011) Magma-hydrothermal system

interaction inferred from volcanic gas measurements obtained during 2003–2008 at

Meakandake volcano, Hokkaido, Japan. Bull Volcanol 73(4):409–421

45. Shinohara H, Hirabayashi J, Nogami K, Iguchi M (2011) Evolution of volcanic gas compo-

sition during repeated culmination of volcanic activity at Kuchinoerabujima volcano, Japan.

J Volcanol Geotherm Res 202(1–2):107–116

46. Roberts TJ, Saffell JR, Oppenheimer C, Lurton T (2014). Electrochemical sensors applied to

pollution monitoring: measurement error and gas ratio bias—a volcano plume case study.

J Volcanol Geotherm Res 281:85–96

47. Gerlach TM, Nordlie BE (1975) The C\O\H\S gaseous system, part II: temperature, atomic

composition, and molecular equilibria in volcanic gases. Am J Sci 275:377–394

48. Edmonds M, Sides IR, Swanson D, Werner C, Martin RS, Mather TA, Herd RA, Jones RL,

Mead MI, Sawyer G, Roberts TJ, Sutton AJ, Elias T (2013) Magma storage, transport and

degassing during the 2008-10 summit eruption at Kilauea Volcano, Hawaii. Geochim

Cosmochim Acta 123:284–301. doi:10.1016/j.gca.2013.05.038

1066 T.J. Roberts

http://dx.doi.org/10.1029/2011JB008461
http://dx.doi.org/10.1029/2011JB008461
http://dx.doi.org/10.1016/j.gca.2013.05.038


49. Voss PB, Hole LR, Helbling EF, Roberts TJ (2013) Continuous in-situ soundings in the arctic

boundary layer: a new atmospheric measurement technique using controlled meteorological

balloons. J Intell Robot Syst 70(1–4):609–617. doi:10.1007/s10846-012-9758-6

50. Roberts TJ, Braban CF, Martin RS, Oppenheimer C, Adams JW, Cox RA, Jones RL, Griffiths

PT (2009) Modelling reactive halogen formation and ozone depletion in volcanic plumes.

Chem Geol 263(1–4):151–163. doi:10.1016/j.chemgeo.2008.11.012

51. Hasenfratz D, Saukh O, Thiele L (2012) On-the-fly calibration of low-cost gas sensors.

Wireless sensor networks. Springer, Berlin. pp. 228–244

52. Li JJ, Faltings B, Saukh O, Hasenfratz D, Beutel J (2012) Sensing the air we breathe—the

OpenSense Zurich dataset. In: Proc. 26th int’l conf. on the advancement of artificial intelli-

gence (AAAI ’12). pp. 323–325

53. Mead IM, Popoola OAM, Stewart GB, Landshoff P, Calleja M, Hayes M, Baldovi JJ, McLeod

MW, Hodgson TF, Dicks J, Lewis A, Cohen J, Baron R, Saffell JR, Jones RL (2013) The use of

electrochemical sensors for monitoring urban air quality in low-cost, high-density networks.

Atmos Environ 70:186–203

15 Sulphur Compounds 1067

http://dx.doi.org/10.1007/s10846-012-9758-6
http://dx.doi.org/10.1016/j.chemgeo.2008.11.012


Chapter 16

Nitrogen Compounds: Ammonia, Amines

and NOx

Jonathan P. Metters and Craig E. Banks

This chapter provides an overview of the utilisation of electrochemistry to measure

ammonia, amines and N-oxides (NOx) compounds which have potential applica-

tion in being the basis of electrochemical gas sensors.

The analytical sensing of ammonia is of significant and wide importance due to

its high toxicity and a plethora of applications where the gas is utilised or generated.

Such applications include environmental protection, such as in the monitoring of

water systems, industrial processes, food processing, power plants, fuel cells and

medical diagnostics such as within breath/exhaled/expressed air.1 In this latter case

ammonia can provide clinical information via breath such as haemodialysis mon-

itoring, helicobacter pylori, halitosis and asthma assessment,2 with many more

constantly being diagnosed.3

It is abundantly clear that there is a whole diversity of applications where the

detection and monitoring of ammonia is required and as such sensors have been

extensively applied.1 Timmer et al.1 provide a thorough overview of ammonia

sensors highlighting the pros and cons of each; particularly they highlight the

diverse range of applications where ammonia is encountered but also show that

this dictates the required analytical parameters (concentration range etc.) and

consequently which sensors are useful or not.1 One particular sensor of merit is

electrochemically based which is mainly due to electrochemical processes being

relatively easily transferred from the lab to the field and due to the potential for their

miniaturisation and low cost; as such these clear advantages have made them

indispensable as analytical tools over traditionally employed analytical sensing

approaches which include: Selected Ion Flow Tube-Mass Spectrometry (SIFT-

MS),4 Gas Chromatography-Ion Mobility Spectrometry (GC-IMS),5 Laser Induced
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Fluorescence (LIF),6 Cavity Ring Down Spectroscopy (CRDS),7 Photoacoustic

Spectroscopy (PAS)8 and Quartz Crystal Microbalance (QCM),8 which do not

have all the advantages possessed by electrochemical methodologies. In this chap-

ter we consider those applying dynamic electrochemistry rather than potentiomet-

ric9 or those similarly related using resistivity.

The electrochemical sensing of ammonia can be divided into four main areas;

the first is the direct electrochemical oxidation using unmodified electrodes; the

second involves the use of chemical mediators such as a chemical reagent reacting

with ammonia to form a product which is electroactive and is thus monitored; the

third involves polymers where the ammonia interacts with the polymeric layers

with the physical change monitored electrically and fourth, the use of metal electro-

catalysts and their incorporation into composites such as using carbon nanotubes or

graphene. Table 16.1 provides a thorough overview of these reports detailing the

electrochemical system described and the resulting analytical performance and

applications/matrix determined within.

In this chapter we explore each of the four main areas identified above. In the

first case, that is the electrochemical oxidation of ammonia at bare unmodified

electrodes. Ji et al.21 reported for the first time the electrochemical sensing of

ammonia at Boron-Doped Diamond electrodes which was compared to other

commercially available electrodes including that of glassy carbon, edge-plane

pyrolytic graphite and HOPG electrodes. Figure 16.1 displays the observed

voltammetric signatures where it is clear that a large quantifiable response is

evident at the Boron-Doped Diamond electrode surface which occurs at lower

overpotentials over that at the other reported electrode materials. Typically in

electroanalysis it is well reported that an edge-plane pyrolytic graphite electrode,

which has a large global % coverage of edge-plane sites, usually gives rise to fast

heterogeneous electron transfer over the other electrodes explored. However in this

example it is not the case. Indeed it is thought that ammonia intercalates graphite

and hence no response is observed at the edge-plane pyrolytic graphite electrode the

severity of which depends upon the electrode morphology/structure.

Thus due to the unique structure of Boron-Doped Diamond (that is, diamond

doped with boron) intercalation is greatly reduced/alleviated all together.21 Proof-

of-concept was shown for the sensitive and direct detection of ammonia gas

bubbled into aqueous solutions21 which has clear applications in gas sensing.

Other work has focused upon the application of the Boron-Doped Diamond elec-

trodes as anodes for the electro-oxidation of ammonia within wastewater22,23 where

in comparison to metal oxide-based sensors, Boron-Doped Diamond was able to

decrease the total ammonia and nitrogen as well as chemical oxygen demand with

greater current efficiencies; such work provides a basis for wastewater treatment
but also can potentially be used in sensing. Michels et al.22 diligently explored the

mechanism of the electrochemical oxidation of ammonia on Boron-Doped Dia-

mond in aerated solutions finding that the oxygen evolution reaction is hindered

which in turn enhances the main reaction.22
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Fig. 16.1 Cyclic voltammetric response of Boron-Doped Diamond (BDD), glassy carbon (GC),

edge plane pyrolytic graphite (EPPG), basal plane pyrolytic graphite (BPPG) and highly ordered

pyrolytic graphite (HOPG) electrodes in a 0.1 M KCl aqueous solution which has had 0.1 %

ammonia bubbled through it for 4 min. The dashed line is the response of the electrode in the

absence of ammonia. The scan rate in all cases was 100 mV s�1. Reproduced from reference (21)

with permission from the Royal Society of Chemistry



Note however that a key consideration is also the electrolyte/solution media

which not only affects the electrochemical sensing of ammonia through the solu-

bility of ammonia within the electrolyte so as not to be rate limiting, the solvent can

itself intercalate detrimentally with graphite. Generally gas sensor designs, and as is

the case for ammonia, the electrolyte employed is aqueous based. The appreciable

water vapour pressure inevitably means that the sensor will dry out over time so

limiting the lifetime at typical operating temperatures and restricting the sensor

reliability; the volatility of the water can be reduced by the use of high concentra-

tions of sulphuric acid (~5 M) as an electrolyte but this places significant constraints

on the voltammetry possible. In the context of ammonia sensing, the ammonia will

be converted into the electro-inactive NH4
+ ion; alternatives are clearly desirable.24

Consequently propylene carbonate has been reported to be a useful alternative to

aqueous electrolytes since additionally it offers large anodic potential window

limits: 5.9 V for glassy carbon electrode, 6.3 V for Boron-Doped Diamond elec-

trode, 2.9 V for edge-plane pyrolytic graphite electrode and 3.7 V for basal-plane

pyrolytic graphite electrode. Further and most notably, the vapour pressure of

propylene carbonate is 0.03 mmHg (at 20 �C) in contrast to the vapour pressure

of water which is 17.5 mmHg (at 20 �C).
Ji et al. have reported the direct electrochemical oxidation of ammonia at glassy

carbon electrodes in propylene carbonate (with 0.1 M TBAP) and in comparison to

Boron-Doped Diamond, edge-plane pyrolytic and basal-plane pyrolytic graphite

electrodes, glassy carbon electrodes exhibits the most analytically useful signal

for the electrochemical oxidation of ammonia. Additionally results obtained using

glassy carbon spheres supported on a BPPG electrode were demonstrated for

potential scale-up but added confidence that glassy carbon is a near optimal choice

as electrode substrate in amperometric electrochemical ammonia sensors where

propylene carbonate is utilised as an electrolyte.24

Following this theme, the use of room temperature ionic liquids (RTILs) as

useful and new gas sensor designs was proposed by Buzzeo and co-workers.25 Early

gas sensor models involved macroelectrodes while later designs incorporate elec-

trodes on the micrometre scale. A gas-permeable membrane is usually employed to

separate the sample from electrolyte, and the properties of this layer have signifi-

cant implications on the rate of transport of analyte to the electrode surface. The

original design was proposed by Clark in 1956 comprising a container that houses

both the electrodes and electrolyte, with a gas-permeable membrane separating the

electrolyte from the gaseous sample (see Fig. 16.2a).25,26 This membrane fre-

quently consists of poly(tetrafluoroethylene) (PTFE, Teflon) or polyethylene and

typically ranges from 1 to 20 μm in thickness. In this arrangement, the diffusion

layer of the electrode completely overlaps the membrane and significant concen-

tration gradients exist in both the membrane and the electrolyte. The second sensor,

as shown in Fig. 16.2b, consists of a similar arrangement, but the working electrode

is now of micrometre dimensions, resulting in a partial overlap of the diffusion

layer with the membrane. The third design, Fig. 16.2c, contains a microelectrode

situated inside a thin-layer chamber, with reference and counter electrodes in

adjacent compartments and a flow path for delivery of the target gas. The size of

1074 J.P. Metters and C.E. Banks



the microelectrode employed must be sufficiently small so that its diffusion layer

does not encroach on the membrane. As such, the signal observed only reflects the

transport of the electroactive species within the thin layer of electrolyte, not the

membrane. Buzzeo et al. reported on the use of RTILs as an electrolyte which

eliminates the requirement of a membrane which is presented in Fig. 16.2d.25

In this configuration a two-electrode cell design is realised where the surface of a

macroelectrode is modified with a thin layer of RTIL which serves as the

non-volatile electrolyte excluding the requirement of a membrane. RTILs have

been proven to be electrochemically useful since they exhibit wide potential

windows, resulting from the robustness of the cations and anions often employed

in their composition.27 For example a window in excess of 5 V is not atypical for an

ionic liquid,28,29 which surpasses that accessible in any aqueous system and is, in

many cases, a substantial improvement over that observed in common supporting

electrolyte/organic solvent systems, such as acetonitrile (MeCN).15,30,31 Addition-

ally RTILs possess low volatility and high thermal stability which render them

potentially advantageous media for the detection of gases and thus they are useful

for the development of robust gas sensors. Clearly there are advantages to using

Analyte
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c
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b
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no overlap of
hemispherical
diffusion layer
with membrane

partial overlap
of hemispherical
diffusion layer with
membrane
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Gas-porous
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Electrolyte, e
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(re = 2 µm)
(re = 2 µm)

Fig. 16.2 Diagram of the four different types of amperometric gas sensors. Copyright (2004)

The American Chemical Society25
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RTILs in gas sensing designs and the vast number of RTILs available gives rise to a

wide choice for those designing sensors incorporating RTILs.

RTILs have been useful for the sensing of ammonia and the mechanism of the

electrochemical oxidation of ammonia has been extensively explored due to

the potential benefits of the RTILs.14 Critically however, Ji et al.14 have

compared propylene carbonate with several RTILs. These were: 1-butyl-3-

methylimida-zolium tetrafluoroborate ([C4mim][BF4]), 1-butyl-3-methylimi-

dazolium trifluoromethylsulfonate ([C4mim][OTf]), 1-Ethyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide ([C2mim][NTf2]), 1-butyl-3-methylimidazolium

bis(tri-fluoromethylsulfonyl)imide ([C4mim][NTf2]) and 1-butyl-3-methylimi-

dazolium hexafluorophosphate ([C4mim][PF6]) using a 10 μm diameter Pt

microdisc electrode. In four of the RTILs studied, the cyclic voltammetric analysis

suggested that ammonia is initially oxidised to nitrogen, N2, and protons, which

are transferred to an ammonia molecule, forming NH4
+ via the protonation of the

anion(s) (A�). However, in [C4mim][PF6], the protonated anion was formed first,

followed by NH4
+. In all five RTILs, both HA and NH4

+ are reduced at the electrode

surface, forming hydrogen gas, which is then oxidised.14 The analytical ability of

this work has also been explored further, giving a limit of detection close to 50 ppm

in [C2mim][NTf2], [C4mim][OTf], [C4mim][BF4], with a sensitivity of

ca. 6� 10�7 A ppm�1 (R2¼ 0.999) for all three ionic liquids, showing that the

limit of detection was ca. ten times larger than that in propylene carbonate since

ammonia in propylene carbonate might be more soluble in comparison with RTILs

when considering the higher viscosity of RTILs.14 Clearly, the factors that need to

be considered with RTILs are solubility of the target gas and also the diffusion

coefficient of the analyte within the sample matrix which are extensively different

in RTILs; typically one or two orders of magnitude less than in conventional aprotic

solvents due to their higher viscosity; consequently such factors can significantly

limit the electroanalytical sensing of ammonia and other key target gases and need

to be diligently explored and considered. As we can observe from this section, the

direct electrochemical oxidation occurs at high oxidation potentials and is generally

not selective towards other species which could be electrochemically oxidised.

Hence, researchers have generally turned to reducing the overpotential of the

electrochemical oxidation of ammonia through the mediated reaction of ammonia

with chlorine32; it is this we next consider.

In order to reduce the high overpotential typically observed for ammonia

detection indirect electrochemical approaches utilising a range of mediators have

been reported.16,19,33–35 The main tactic is to employ a chemical moiety that

chemically reacts, usually instantaneously or fast enough over the experimental

timescale with the target analyte, in this case ammonia. Following this there are two

scenarios. The first is that the product formed between the chemical reaction of the

chemical moiety and ammonia is electrochemically active—as such a new

voltammetric peak/signal might be observed but the usefulness of this will depend

upon its electrochemical properties. The second is that the loss of chemical moiety

might be utilised if again this is electroactive. Last, in a superb situation, both may

occur. Note that chemical selectivity can be towards the target analyte and reduced
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interferents reactivity can be potentially addressed, such as adding electron donat-

ing/withdrawing groups for example. Recently the above indirect approach has

been utilised using the additional benefits of incorporation of a non-aqueous

solution, namely propylene carbonate (see above).14,17 In this application the

electrochemically active redox system—hydroquinone/benzoquinone in propylene

carbonate—has been successfully utilised. Figure 16.3 shows the typically

observed voltammetric response where a new peak is observed upon the increasing

concentration of ammonia. Scheme 16.1 shows the proposed mechanism. An

analytical selectivity of ~1.3� 10�7 A ppm�1 over the range (0–100 ppm) and a

limit of detection of 4.9 ppm is reported to be possible.14

A different tact for the sensing of ammonia is the use of an electro-catalyst;

Table 16.2 overviews the various approaches which utilise metallic (and alloys and

oxides thereof) micro- and nano-particles of various shapes and geometries. Plat-

inum is the most commonly explored electro-catalyst for the electrochemical

oxidation of ammonia and through its utilisation the slow kinetic rates and large

overpotentials of the electrochemical oxidation are overcome. Ideally an effective

electro-catalyst should satisfy a number of requirements, such as reasonable cost,

high activity, minimum Ohmic loss and long-term stability; which may of course

Fig. 16.3 Cyclic voltammetric responses of 0.5 mM hydroquinone to increasing ammonia

concentration (10, 59 and 100 ppm) in PC (0.1 M TBAP) at GC. Insert graph: A plot of the

anodic peak current at +0.15 V against the concentration of ammonia (ppm). Copyright (2007) The

American Chemical Society14
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conflict with each other. Platinum is, due to its cost, utilised in alloys but a high

loading is still required to achieve appreciable electroanalysis and consequently

limits its application. Zhong et al.36 have overviewed the recent efforts reported to

reduce the platinum loading in electro-catalysts. These are (1) alloying of platinum

with other cheaper metals that have been a potential synergistic effect with plati-

num for ammonia electro-oxidation (e.g. Ir, Ru and Rh); (2) enhancing the mass

activity of the platinum-based electro-catalysts for ammonia electro-oxidation via

increasing the electrochemically active sites and/or controlling the surface structure

of the electro-catalysts (preferential orientation, shape, morphology, etc.); (3) devel-

oping well-performing platinum-free electro-catalysts for ammonia electro-

oxidation and; (4) exploring appropriate support strategies which have a positive

effect on improving the performance of the electro-catalysts. Zhong and colleagues

go further and provide a rigorous overview of the electro-catalysts available for the

electroanalytical oxidation of ammonia; the approaches described are (1) pure

metal electrocatalysis; (2) platinum-based electro-catalysts that are alloyed by

other metals such as Ir, Ru and Rh and; (3) non-platinum electrocatalysts. It has

been noted that the performance of the electro-catalysts is dependent not only on the

type of the electro-catalysts, but also on the preparation method. Table 16.2 pro-

vides an overview of typical electro-catalysts prepared for the electrocatalytic

oxidation of ammonia which is taken from and expanded upon the elegant overview

provided by Zhong.36

Clearly the majority of the electro-catalysts explored in Table 16.2 lend them-

selves to fuel cell applications. A key parameter to the success of the

electrocatalytic sensing of ammonia involves the design of the catalyst. That is, a

surface which gives rises to a large active surface area which also stabilises active

intermediates and is of a composition to induce changes in the activation energy.

The performance of the electro-catalyst36 is characterised by the mass activity

(MA; activity mass�1) which is the current density (at a specific potential)

normalised by the mass of the electro-catalyst which is related to the specific

electrochemically active area (SSA; area mass�1) and the specific activity (SA;

activity area�1) which is the current density normalised by the electrochemically

active surface area (ECSA) of the electro-catalyst. As such, the mass activity is the

key parameter given by:

MA activity mass�1
� � ¼ SSA area mass�1

� �� SA activity area�1
� � ð16:1Þ

Last, the durability that is the long-term performance of the electro-catalyst to

resist permanent changes to its morphology is a key concern/parameter; this is

clearly more evident in the case of all applications where constant potential

cyclability is required which in the case of a sensor, where a one-shot electro-

catalyst modified screen-printed sensor might be beneficially utilised, this is obvi-

ously less of a constraint.

As previously discussed, platinum and platinum-based materials are still the

most effective electro-catalysts for ammonia electro-oxidation. In order to
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maximise the platinum utilisation, novel platinum and platinum-based electro-

catalysts with improved SSA and/or SA have been developed. Although these

electro-catalysts can have both high SSA and SA, they can be simply grouped in

two classes, as shown in Fig. 16.4. The first group lies in improving the electro-

chemically active surface area of the electro-catalysts where MA can be increased

(and thus the platinum loading can be lowered) by increasing the SSA of the

catalyst. This can be achieved by reducing the particle size so as to increase the

surface to volume ratio and thus to increase catalytically active sites per mass.

Other studies have reported that particle size is a critical parameter such as in the

electrochemical reduction of oxygen and the oxidation of methanol, but the size-

dependent catalyst activity for the electrochemical oxidation of ammonia is not

well defined36; clearly such an area is ripe for further exploration. From this wealth

of electro-catalysts explored fundamentally and in fuel cell applications, some of

Scheme 16.1 Mechanisms for the electrochemical processes of Hydroquinone-Benzoquinone

and the reaction between Hydroquinone and Ammonia
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course will make excellent sensors. Other electro-catalysts of note are ZnO

nanopencils have been reported fabricated via a low temperature facile hydrother-

mal technique.10 Figure 16.5 shows the unique structure which gives rise to the

unique nanopencil name. These unique materials were immobilised onto a

supporting glassy carbon electrode and found to exhibit a highly sensitive analytical

response with a detection limit of 5 nM and a sensitivity of ~26.58 μA cm�2 mM�1

with a response time of less than 10 seconds. In comparison of this work against

other previously reported modified sensors, as shown in Table 16.1, favourable

analytical performances are observed.

Another approach in order to overcome the problematic direct sensing of

ammonia via its electrochemical oxidation is through the use of polymeric-based

sensors, such as polypyrrole and the more widely explored polyanaline and com-

posites thereof. In such approaches, the target analyte reduces the oxidised form of

the conducting polymer polypyrrole where this change can be used as the basis of a

sensor due to the changes in conductivity as a function of ammonia concentra-

tions56,57 which was extended to operate amperometrically.58 Lähdesmäki et al.59

reported upon an ammonia sensor comprising a membrane (which is a thin layer of

oxidised polypyrrole) upon a platinum substrate for the amperometric measurement

of ammonia in aqueous solutions in the potential range of +0.2 to +0.4 V

(vs. Ag/AgCl), where contact with ammonia causes a current to flow through the

electrode which is proportional to the concentration of free ammonia in the solu-

tion. Note that ammonium ions do not contribute to the measured signal.59 The

analytical signal is due to reduction of polypyrrole by ammonia with subsequent

oxidation of polypyrrole by the external voltage source. The sensor is reported to be

able to detect ammonia reproducibly at the μM level. The main interference is the

doping effect of small anions such as Cl� and NO3
�, also giving a response on

polypyrrole at the μM level. Apparently this anionic response can, to a certain

degree, be reduced by covering the polymer surface with dodecyl sulphate; how-

ever this can be a limitation depending on the application. However, the sensor

Improving MA

Improving SSA

Decreasing particle 
size

Unique nanostructure 
(e.g., 1D nanowire, 

hollow)

Improving SA

Alloying
Controlling 
preferential 
orientation

Controlling 
morphology

Fig. 16.4 Scheme of the general approaches to improve the mass activity of the electro-catalysts

for ammonia electro-oxidation. Adapted from reference (36) with permission from the Royal

Society of Chemistry
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gradually loses its activity when exposed to ammonia concentrations greater than

1 mM.59 Such work has been extended to nanoribbons of polypyrrole (>1 cm in

length) where the unique morphology being of one-dimension exhibits a high

surface to volume ratio which have reported to enhance responses to surface

processes with the overall response producing more sensitive and fast responding

sensors; a detection limit in the sub-ppm range using the polypyrrole nanoribbons

has been reported.60 Massafra61 reported the synthesis of polypyrrole nanowires via

normal pulse voltammetry and a constant potential methodology. The low μM
levels of ammonia were reported to be achieved with different analytical charac-

teristics obtained due to the fabrication approach and parameters that were altered;

using normal pulse voltammetry a more sensitive response to ammonia was

observed over the constant potential method, since the latter approach produced

longer and less conductive nanowires; clearly such work is fundamental to produc-

ing optimal geometries.

The above two examples demonstrate how the conducting polymer was incor-

porated into a sensor: the first was immobilised upon an electrode material and the

second was a technique which grew them upon gold electrodes. Related to

polypyrrole is the conducting polymer polyanaline which is widely studied since

its properties can be “tuneable” that is, its structure can be modified to give

Fig. 16.5 Low magnification (a and b) and high-resolution (c and d) FESEM micrographs of

as-synthesised ZnO nanopencils. Reproduced from reference (10) with permission from Elsevier
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favourable changes in performance. However, as identified above for polypyrrole,

how does one exploit such characteristics for use within electrochemical devices?
Polyanaline is insoluble in a range of common solvents, substantially hindering its

processability. Note that the monomer, aniline, is a carcinogen which thus poten-

tially has implications when applied into medical diagnostics and additionally it

must be distilled prior to use and stored under nitrogen; giving rise to handling

problems. Finally, acidic conditions are required for the formation of the most

highly conductive form of PANI. Recent breakthroughs in the synthesis and

fabrication of conducting polymers with nanodimensional control have managed

to overcome the issue of processability. A stable nanodispersion has been reported

and can be handled more easily and applied in a similar fashion.62 In addition,

enhanced properties of conducting polymer materials become apparent at the

nanodimension such as higher conductivity and more rapid, discrete, electrochem-

ical switching processes which are useful in electrode devices.63 To date, several

techniques have been employed in the fabrication of polymer thin films, such as

thermal evaporation, electropolymerization,64 spin-coating,65 dipping,65 electro-

phoretic patterning61 and printing.20 Printing is one of the more successful methods

for achieving patterning at speed in recent years. Among the printing techniques

available, screen printing, micro-contact printing, dip-pen printing, inkjet printing,

offset and thermal-line patterning have been used for the deposition of numerous

materials including conducting polymers.66

As such inkjet printing for the deposition of conducting polymer solutions is a

well-developed field which has been used in a range of ammonia sensing applica-

tions such as refrigerant wastewater and medical diagnostics in breath.64–68

16.1 Composites

Following on from the use of conducting polymers, researchers have turned to their

composites. For example Li et al.69 reported a polyanaline/titanium dioxide com-

posite where Mn3O4/TiO2 nanotubes were prepared by electrospinning where the

Mn3O4 results in the polymerisation of the incorporated analine where the former is

consumed to leave simply the PANI/TiO2 composite nanotubes. The sensing of

ammonia was found to be possible over the range of 25–200 ppb and was deter-

mined to exhibit a response improved over that obtained at a pure PANI sensor.

Interestingly the ratio of PANI to TiO2 is critical and can dramatically alter the

sensitivity of the PANI/TiO2 composite.69 Clearly such composites take benefits

from the main sensing strategies towards the detection of ammonia; for example,

the above example utilises an electro-catalyst (TiO2) with an already proven

sensing strategy of using conducting polymers (PANI). In the same direction

Chang et al. reported gold/polyanaline/multi-walled nanotubes.70

Figure 16.6 shows the fabrication approach and a TEM image of the final

composite. It is thought that the presence of the π–π* electron interaction, as well

as the hydrogen bond interaction between the carboxyl groups of MWNTs and the
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amino groups of the aniline monomer provide a strong adsorption. The composite

was found to provide a wide linear range from 200 ppb to 10 ppm.70 Other work has

extended to graphene oxide composites71 with polyethylenimine where it is thought

that the composite increases the surface area and provides conducting bridges for

electron transfer. The graphene oxide sheet was obtained by chemical conversion of

graphite oxide. Then the graphene oxide sheet was used as substrate to synthesise

carboxylic acid functionalized graphene (GO-COOH). Branched PEI, which con-

tains a large amount of electron rich amine groups, was covalently linked to

GO-COO to form the GO-COOH/PEI composites as is depicted in Scheme 16.2.

To evaluate the dependence of the electrocatalytic current on the concentration of

NH3, cyclic voltammograms of the GO-COOH/PEI composites-modified GCE in

NaClO4 solution containing a series of ammonia concentrations have been obtained

(Fig. 16.7). The authors went onto show that a limit of detection of 9.5� 10�7 M

was possible with a sensitivity of 2.3� 10�5 A μM�1 which is competitive when

compared to alternative configurations such as propylene carbonate solution

Fig. 16.6 (a) Schematic drawing of the mechanism governing the formation of Au/PANI/MWNT

nanocomposites. (b) TEM images of the Au/PANI/MWNT nanocomposites (inset: an ED pattern

of the nanocomposites). Reproduced from reference (70) with permission from Springer
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Scheme 16.2 Schematic representation of the construction procedure for the PEI functionalized

GO-COOH sheets and the electrochemical oxide of ammonia on the surface of the relative

electrode. Reproduced from reference (71) with permission from Wiley
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Fig. 16.7 Cyclic voltammograms of GO-COOH/PEI composites modified GCE with different

NH4OH concentrations of 2.7� 10�5, 4.0� 10�5, 5.3� 10�5, 6.7� 10�5, 8.0� 10�5, 9.3� 10�5,

1.1� 10�4, 1.2� 10�4 M (from bottom to up) in the NaClO4 solution at scan rates 50 mV s�1. The

inset shows the linear calibration plot of the catalytic peak current to the NH4OH concentration.

Reproduced from reference (71) with permission from Wiley



containing hydroquinone,14 multi-walled nanotube/copper nanoparticle paste

electrodes,72 polyanaline-based sensor73 and Ir/nanotube composites.71–74

Of course this theme has been extended to the utilisation of graphene and

electro-catalysts such as a graphene-gold composite,75 single-walled nanotube-

PANI composite,76 reduced graphene oxide-PANI composites,77 graphene

supported on platinum, Ir and platinum-Ir,78 lead (IV) oxide-graphite composites79

and anthraquinone-carbon composites.35 As such all of these configurations

discussed utilise the combined effect of different materials in order to impart

significant improvements in sensing. However, composites can be difficult to

make reproducibly especially when scaled-up and additionally there is an undeni-

able cost element to their fabrication; such considerations should not be overlooked.

We now consider the case of organic amines and N-oxides (NOx) which are

important analytes to measure in the context of gas sensors. NOx of course is a

generic term for mono-nitrogen oxides NO and NO2 (nitric oxide and nitrogen

dioxide). The quantification of odorous amine compounds is of importance in many

areas of human activities such as environmental and industrial monitoring applica-

tions but also and as an indicator of food quality or spoilages and in medical

diagnostics.1,80–87

In order to electrochemically measure amine-type compounds the first starting

point is the direct detection based on a variety of electrode substrates examined

such as graphite,88 gold,89 nickel,90,91 boron-doped diamond92 and Ag-Pb

alloy electrodes93 or on modified electrodes such as polymer and DNA layers.94,95

Other approaches involve amperometric biosensors for amines with immobilised

amine oxidases or amine dehydrogenases have been reported based on either a

direct or a mediated electron-transfer pathway.96–99

Amine vapours are of interest since both aliphatic and aromatic amines can

induce toxicological responses with the former found in a multitude of wastewater

effluents with volatile organic amines among the important air pollutants which

are emitted into the atmosphere from anthropogenic sources such as cattle feedlot

operations, waste incineration, sewage treatment and car exhausts to name

just a few.100–103

Most alkylamines/aliphatic amines are toxic and can irritate the skin, mucous

membrane and respiratory tract, through all routes of exposure, i.e. inhalation,

ingestion and direct contact make their detection and determination of the com-

pounds an on-going challenging area. Electrochemical approaches are thus

favoured as they can provide portable and analytical useful measurements.

Aliphatic amines, such as methylamine, ethylamine, n-propylamine,

iso-propylamine and butylamine, are well known to adsorb onto gold, platinum,

silver and mercury electrode surfaces,104–109 thus generally indirect approaches are

favoured but direct have been reported such as methylamine electro-oxidation at

gold electrodes,110 the electro-oxidation of methylamine and ethylamine on Pt

single crystal electrodes in acid medium.111 Other approaches have reported on

the use of gold and platinum electrodes with Pulsed Amperometric Detection

(PAD) in order to produce surfaces with the requisite oxides and to clean the

surfaces fouled by the accumulation of reaction products.112
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Tsuda et al.113 first reported the anodic oxidations of 17 aliphatic amines have

been examined by cyclic voltammetry at a glassy-carbon electrode in aqueous

alkaline solution. Until this point, there were not many studies exploring the anodic

oxidation of aliphatic amines in aqueous solution and rather studies explored

non-aqueous electrochemistry since it was difficult to obtain reproducible oxidation

of most aliphatic amines with a platinum electrode which has a limited potential

range and due to adsorption (see above). Tsuda elegantly reported that out of the

aliphatic amines studied all were irreversibly oxidised where primary amines

showed no wave while secondary amines showed one wave and last most tertiary

amines exhibited two waves and the peak potentials of their first waves are less

positive than those of secondary amines. The peak potentials of the first wave of

substituted tertiary amines were observed to shift to more positive values with

increasing electronegativity of the substituent, and some amines with a strongly

electron-withdrawing group give one wave or no wave. A linear relationship was

obtained between pKa values and peak potentials of the first waves for tertiary

amines. The postulated reaction mechanism for tertiary amines was reported to

involve the loss of two electrons, followed by reaction with water to form a

secondary amine and an aldehyde.113

Lomba and co-workers reported on the electrochemistry of methylamine,

propylamine, n-butylamine and iso-butylamine at glassy carbon electrode sub-

strates by derivatising the target analytes with phenylisothiocyanate finding that

they can be oxidised through two one-electron steps at acidic pH values, presum-

ably involving the intermediacy of proton transfers. The approach was coupled with

liquid chromatography with amperometric oxidative detection providing a sensitive

method of determination with detection limits in the lower μgL�1 range. Other

work has focussed generally on specific analytes rather than a total analysis of

aliphatic amines. For example, n-butylamine has been reported to be possible at a

nickel oxide Carbon Nanotube Composite utilising the well-known Ni(OH)2/NiO

(OH) redox couple which exists in basic (e.g. from ca. pH 8 upwards) aqueous

hydroxide solutions which acts as the electro-catalyst and was found to have no

reactivity to ammonia.91 Note that at bare carbon/carbon nanotube surface no

voltammetry was observed justifying the need for the nickel composite. Other

authors have also explored redox mediators such as tris( p-bromophenyl)amine

for the sensing of n-butylamine. In other approaches glassy carbon electrodes

coated with thin films of Nafion® metalized with silver and lead species have

been explored towards the oxidation of ethylamine and tert-butylamine.114

More general work by Porter et al.115 report a novel and generic methodology for

the modification of glassy carbon electrodes with amine-containing compounds for

the development of electro-catalytic and biosensor applications. The method uti-

lises the electro-oxidation of amines to their analogous cation radical forming a

chemically stable covalent linkage between the nitrogen atom of the amine and the

edge plane sites residing at the glassy carbon surface. A dopamine modified glassy

carbon electrode has been fabricated to facilitate the oxidation of NADH via a

surface EC mechanism and additionally the ability to create a biotinylated glassy

carbon surface capable of binding the protein avidin which is useful for fabricating
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anchored enzymes for biosensor applications. Such an approach is reported to

dramatically simplify the fabrication of modified electrodes, a process which

often involves an extended series of pre-treatment, activation and functionalisation

steps. Additionally the extent of immobilisation is reported to be strongly depen-

dent on the degree of substitution at the amine functionality, whereby the electro-

oxidation of primary amines yields the largest relative surface coverage and tertiary

amines show no detectable surface coverage. Such work is an important fundamen-

tal contribution to fabricating electro-catalytic amine sensors and has been exten-

sively extended.115,116

In terms of monitoring amines in food samples, biogenic amines are the class of

amine compounds that are relevant and can be used as a monitor of food quality or

spoilages.117 Of note, histamine is an important biogenic amines present in a

plethora of food products where the former is produced by the bacterial decarbox-

ylation of histidine, the corresponding amino acid, which is present particularly in

fish tissues of the Scomberiscida and Scombridae families, e.g. tuna fish, mackerel,

sardine, anchovy.118 It is reported that a histamine intake of 70–1,000 mg per single

meal can cause the so-called “sgombroide poisoning” that generally reveals itself in

a slight form and evolves in a short time but may cause death.118 Consequently

histamine is therefore used as an indicator of the good manufacturing practice and

of the preservation state of some food, for instance tuna fish in oil.118–122

Note however that histamine is a non-volatile amine and hence recourse is to

explore in solution and apply an extraction protocol (such as liquid-liquid extrac-

tion) from the sample matrix. Electrochemical approaches have involved the use of

boron-doped diamond electrodes which are reported to be superior to GC electrodes

due to diamond’s higher sensitivity, stability and reproducibility.123 Diamond is

demonstrated to be the best electrode material for the detection of histamine,

possessing high sensitivity, even at high oxidation potentials, and for the detection

of serotonin, which fouls other electrodes such as GC after oxidation. High stability

and remarkable detection limits for the determination of histamine (with serotonin

also explored) via amperometry are reported to be possible.123 Table 16.3 provides

a thorough overview of the electrochemical approaches for sensing histamine.

Other related work has reported the development of an inexpensive, sensitive

and reliable method for histamine at gold disc electrodes via chronopotentiometry

which involves an indirect catalytic approach involving electrogenerated chlorine

which facilitates charge transfer between histamine and the gold electrode resulting

in enhancement of sensitivity. Under optimal experimental conditions, linear

response of histamine was observed in the range 2–100 μg/L with achieved limit

of detection for 0.27 μg/L of histamine with the protocol applied for histamine

determination in fermented sausages.129 Other work has reported the determination

of histamine in cheese by chronopotentiometry on a thin film mercury electrode.130

Other work on the topic of the spoilage of food, particularly fish quality and

freshness, the volatile compound trimethylamine (TMA) is used as a marker. In

fact, the odour of fish and the relevant chemicals is shown in Fig. 16.8.131 Tradi-

tionally headspace analysis is utilised and as pointed out by Nilsen et al.131; while

such instruments with a high degree of automation are available for the trapping and
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Table 16.3 An overview and analysis of the literature using electrochemical approaches for

sensing histamine and the report analytical performances and applications; clearly a diverse range

exists giving researchers a broad spectrum of configurations to utilise

Electrode

Linear

range

Limit of

detection Comments Reference

Thin film nickel

electrode

0.5–

110 mg L�1
0.11 mg L�1 Offers a short analysis

time, appreciable sensi-

tivity and good repro-

ducibility of the results

124

Polycrystalline, boron-

doped diamond thin-

film electrodes

0.5–100 μM 0.5 μM Overcome the problems

of glassy carbon elec-

trode, which is known to

be vulnerable to deacti-

vation and fouling due to

strong adsorption of this

oxidation product

123

Carbon fibre

microelectrode

Δ 1.4 μM Determination of hista-

mine and

5-hydroxytryptamine in

isolated mast cells

125

Methylamine dehydro-

genase immobilised in a

polypyrrole (PPy) film

deposited upon a gold

microelectrode

25 μM–

4 mM

Δ Four amino-containing

compounds, which are

present in blood and

other biological samples,

were tested for potential

interference: glutamine,

creatine, creatinine and

urea with no interference

noted

99

Quinoprotein dehydro-

genase enzyme modi-

fied carbon electrode

0–200 μM 4.8 μM The sensor correlates

well with elevated hista-

mine levels prevalent in

patients with chronic

myelogenous leukaemia

126

Gold nanocrystal-

modified glassy carbon

electrodes

Δ 0.6 μM Flow injection and high

performance liquid chro-

matography using pulsed

amperometric detection.

Proof of concept demon-

strated through determi-

nation of histamine in

sardine samples

127

Histamine dehydroge-

nase modified glassy

carbon electrode

20 μM–

0.6 mM

100 pM Noted interfering

response caused from

ascorbate was fully

removed by using con-

tinuous flow column

electrolytic method.

Proof of concept demon-

strated through determi-

nation of histamine in

fish samples

128

Δ¼ Information not provided
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chromatography steps, the complexity, cost and lengthiness of the volatile analysis

protocols make them suitable only for specialised research and analytical labora-

tories. Note that the quality evaluation of raw material for fish meal production is

based on a chemical measurement of total volatile bases (TVB) rather than single

compounds which form during spoilage of fish and as such, the fish meal industry

classifies the raw material according to TVB values. The rapid assessment of

volatile compounds is required and gas sensors132 and electrochemical-based

sensors fit this accordingly. For example, Jonsson and co-workers133 utilised a

range of commercially available electrochemical gas sensors: CO, H2S, NO, NO2

and SO2 (Dräger) CO, SO2 and NH3 (City Technology, Portsmouth, Britain) and

designed a sensing chamber which effectively measures the analysing direct head-

space of the fish Capelin caught in Iceland. Their work concluded that the responses

of the three sensors (CO, NH3 and SO2) were found to increase with capelin

headspace at different stages of spoilage, and it is suggested to use only these

three selective gas sensors to simplify the data handling. The responses of the CO

and NH3 sensors correlated well with the classical TVB measurements (TVB as mg

of N/100 g of whole fish) which were measured with a Struer automatic distillation

unit. Such work elegantly highlights that the development of electrochemical gas

sensors can be advantageously utilised in real life applications.133

In a different approach, three enzyme-based amperometric biosensors for bio-

genic amines were applied for meat spoilage monitoring.134 The enzyme diamine

oxidase (EC 1.4.3.6) was used to monitor the total biogenic amine content (cadav-

erine, histamine, tyramine, tryptamine, phenylethylamine and spermidine) while

Monoamine oxidase A (EC 1.4.3.4) was used for determination of tyramine,

Fish Odour

Fresh Fish Odour
Planty, cucumber- and 
mushroom-like odours

C6-C9 alcohols and carbonyl 
compounds e.g. 1,5-
octadien-3-ol, 2,6-

nonadienal

Microbial Spoilage Odour
Sweet, fruity, ammoniacal, 
sulphur and putrid odours

e.g. ethanol, 3-methyl-1-
butanol, ethylacetate, 

ammonia, TMA, hydrogen 
sulphide methyl mercaptan

Oxidised Odour
Cod-liver-oil- and paint-like 

odours

e.g. hexanal, 2,4-
heptadienal, 2,4,7-

decatrienal

Fig. 16.8 Categorisation of fish odours and the volatile compounds that contribute to the

characteristic odour of fresh, spoiled and oxidised fish. TMA, trimethylamine. Adapted from

reference (133) with permission from Elsevier
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tryptamine and phenylethylamine content. Putrescine was selectively detected with

putrescine oxidase (EC 1.4.3.10). The enzymes were separately co-immobilised on

graphite electrodes with peroxidase and an Osmium mediator and applied in the

analysis of pork and fish samples with the results found to correlate with the total

biogenic amine content measured by HPLC. In other work electrochemical bio-

sensors have arisen such as the use of trimethylamine dehydrogenase in an enzyme

linked amperometric electrode with TMA determined in different fish samples with

a detection limit of 2 mg TMA per 100 g wet fish muscle.135

Related to food spoilage and food monitoring, Matysik and co-workers proposed

a method for the efficient extraction and determination of volatile aliphatic amines

by means of single-drop microextraction (SDME) in combination with microchip

electrophoresis and contactless conductivity detection. The method consists of an

optimised protocol for extraction via ultrasound assisted headspace SDME and the

separation and determination of the target analytes methylamine, dimethylamine,

trimethylamine, diethylamine and triethylamine with a novel microfluidic device.

Limits of detection were reported to be well below 400 ng/mL and successfully

applied into the sensing of the target analytes in shrimp and fish to provide a

methodology for monitoring decay of these food products. The proposed method

by Matysikis et al. is simple, quick, presents low levels of waste, works with small

sample quantities and is suitable for quantification of aliphatic amines in seafood

samples like shrimp or fish from where they are naturally developing upon biodeg-

radation. In the present study the accelerated decay of shrimp tissue due to improper

storage was monitored.136

Thus in summary, electrochemical approaches are ripe for sensing amines and

due to the possibility of miniaturisation and the low detection limits that are

possible, such approaches are better than the typical mammalian sense of smell

for example, in the case of fish spoilage/decomposition, before the fish would begin

to smell rancid.

We last consider the electrochemical sensing of (NO)x compounds. The detec-

tion of nitric oxide (NO) is an active area of research in fields as diverse as high

temperature combustion through to clinical analysis.137 NO plays a vital role in the

normal vascular biology and pathophysiology and is a neuronal signalling molecule

in the central and peripheral nervous system that is synthesised by mammalian cells

and acts as a physiological messenger and cytotoxic agent.138,139 It is very unstable

with a half-life of 2–30 s and rapidly reacts with molecular oxygen to form NOx.
140

Therefore, sensitive and accurate methods for the determination of NOx are

required.

There are many sensing strategies for detection of NO, including optical spec-

troscopy, mass spectrometry, chemiluminescence and electrochemistry.141–144

Each approach of course has its advantages and disadvantages, depending on the

intended application. In a clinical setting, chemiluminescence analysers perform

very well, but would not be optimised at all for monitoring NO for mobile diesel

vehicle exhaust for example. Also, the extent to which the sensing devices can be

miniaturised varies, with electrochemical sensors enjoying a clear advantage;
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Table 16.4 provides a thorough overview of the reported electrochemical-based

sensors for this target analyte.

Recently a thorough overview of NO sensing using electrochemical sensor

arrays has been provided by Griveau and Bedioui160 along with a thorough general

overview offered by the same authors.161 Sensors based on detection of NO via its

reduction generally suffer from interference from dioxygen, so detection by electro-

oxidation is preferred. However, electro-oxidation of NO at conventional electrode

materials (carbon, gold, platinum) necessitates high overpotential oxidation of NO

typically occurs at 0.9–1 V (vs. SCE). This high oxidation potential is critical to

achieve selective measurement of NO by inducing its electro-oxidation. Indeed,

several biological compounds are oxidizable (nitrite, ascorbic acid, hydrogen

peroxide, etc.) at potentials lower than or equal to the oxidation potential of

NO. So, making an amperometric measurement at this potential will produce a

faradic current corresponding to the sum of oxidation currents of all the species

oxidizable at potentials �0.9 V, leading to limited selectivity for NO. This problem

of low selectivity can be partly resolved by modification or functionalisation of the

electrode surface. Two main strategies have been developed: (1) use of perm-

selective membranes and/or (2) use of electro-catalysts. Table 16.4 provides a

thorough overview of sensing NOx.

As we have discussed above in terms of ammonia where ionic liquids were able

to provide membrane-less gas sensors, this has been extended by Toniolo et al. for

the monitoring NO2 and NO. At room temperature, excellent repeatable (�3.9 %)

was observed and linearly dependent current signals were recorded, reporting a

detection limit of 0.96 ppb v/v while at higher temperatures (100 �C) a lower

detection limit of 0.55 ppb v/v could be instead estimated.162

Other work has reported Yttria-stabilised zirconia (YSZ)-based amperometric

NO2 sensors comprised of an In2O3 sensing electrode (SE), a Pt counter electrode

(CE) and aMn2O3 reference electrode (RE) in both tubular and rod geometries were

fabricated and their sensing characteristics were examined. Furthermore, both

sensors (tubular or rod geometry) exhibited a linear response to increasing NO2

concentration in the range of 20–200 ppm at 550 �C.163,164

A different approach has reported on the incorporation of hemin on a ZnO–PPy

nanocomposite modified Pt electrode; Fig. 16.9 shows the steps required to produce

the sensor.

It was reported that the hemin–ZnO–PPy–Pt electrode exhibited threefold

enhanced electro-catalytic activity towards NOx compared to the hemin–PPy–Pt

electrode. The electrocatalytic response of the sensor was proportional to the NOx

concentration in the range of 0.8–2,000 μM (r2¼ 0.9974) with a sensitivity of

0.04 μA μM�1 cm�2 and detection limit of 0.8 μM for the hemin–ZnO–PPy–Pt

electrode.166

Other work has reported on a biomimetic microsensor for measuring nitric oxide

(NO) in the brain in vivo consisting of hemin and functionalized multi-wall carbon

nanotubes covalently attached to chitosan via the carbodiimide crosslinker EDC

followed by chitosan electrodeposition on the surface of carbon fibre microelec-

trodes.167 An impressive analytical performance was reported with a sensitivity of
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1.72 nA/μM and the limit of detection was 25 nM. The microsensor was success-

fully applied to the measurement of exogenously applied NO in the rat brain

in vivo.167

Prakash et al. who pioneered the studies utilising hemin modified sensors165

have also reported on the use of nanomaterials, namely copper nanoparticle mod-

ified SWCNTs-polypyrrole (PPy) nanocomposite modified Pt electrode; Fig. 16.10

shows a schematic of how the electrode is produced. The sensor utilises the

electrocatalytic activity of the copper nanoparticle electrode towards NOx which

is fourfold times more than the just CuNP-PPy-Pt electrode. A linear dependence

towards NOx concentrations ranging from 0.7 to 2,000 μM, with a sensitivity of

0.22� 0.002 μA μM�1 cm�2 and detection limit of 0.7 μM, was reported.165

Fig. 16.10 Schematic stepwise preparation of the CuNP-SWCNT-PPy-Pt electrode and illustra-

tion of the reaction processes occurring at the surface of the sensor during the determination of

NOx. Reproduced from reference (165) with permission from Elsevier

Fig. 16.9 The steps involved in producing a hemin modified ZnO–PPy nanocomposite supported

upon a platinum electrode. Reproduced from reference (165) with permission from the Royal

Society of Chemistry
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In a similar vein of using nanomaterials, graphene has also been used as a

support material in the form of a flexible graphene paper loaded with Au@Pt

core-shell nanoparticles; the fabrication approach is shown in Fig. 16.11 where

the hybrid electrode was fabricated through a modular approach in which the

nanoparticle assembly was transferred onto graphene paper through dip-coating.168

A high electro-catalytic activity is reported for the detection of nitric oxide with

a high sensitivity, wide linear range and low detection limit. The graphene com-

posite was used in the real-time monitoring of nitric oxide secretion by human

endothelial vein cells grown on the electrode. Such results demonstrate a modular

approach for designing high-performance flexible electrodes with tailored surface

properties. Other work using graphene modified electrodes can also be found within

the literature169,170 which will likely continue to be an extensively explored area

given the reported beneficial properties of graphene within electrochemical sensors.

Other work to impart improvements in the electrochemical response towards NO

detection includes platinisation with platinum black (Pt-black) with a limit of

detection using a Pt-black/Nafion-coated glassy carbon electrode reported to be as

low as 9 nM. These electrodes were embedded in a polystyrene substrate, with the

applicability of these sensitive and selective electrodes being demonstrated by

Fig. 16.11 Schematic illustration (top image) of the fabrication of the freestanding hybrid

electrode from 2D-assembly of Au@Pt nanoparticles and graphene paper. Also shown (bottom
image, Panel a) is an optical photograph of rGO paper. Cross-sectional (b) and top (c) view of rGO

paper. (d) SEM image of Au@Pt–rGO paper. Reproduced from reference (168) with permission

from Elsevier
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monitoring the adenosine triphosphate-mediated release of NO from endothelial

cells immobilised in a microfluidic network.171

In summary we have overviewed the recent approaches to the electrochemical

sensing of ammonia, amines and NOx and strategies employed in order to give rise

to improvements in sensitivities and limits of detection. Clearly there are unique

benefits to using electrochemical-based sensors with different strategies needed for

different sensing applications; due to the wide range of applications where ammo-

nia and related amine and NOx compounds need to be monitored, and over the wide

analytical range needed, there is still a need to develop new electrochemically

based sensors.
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Chapter 17

Carbon Oxides

Nobuhito Imanaka and Shinji Tamura

17.1 Carbon Dioxide

In the late twentieth century, the generation of oxide gases such as CO2, NOx, and

SO2 through human activities became recognized as an extremely serious environ-

mental problem. In 1997, at COP3, carbon dioxide (CO2) was also identified as a

major greenhouse effect gas and the goal of reducing CO2 emissions was declared

an international priority. The development of smart gas-sensing tools is an impor-

tant step in effectively suppressing CO2 emissions into the atmosphere. Up to now,

however, although many different CO2 sensors have been extensively studied, most

have not been commercialized, with the exception of devices incorporating IR

detection. Even these are expensive and bulky and require pretreatment of the

sample gas, and so are difficult to install at the various sites where CO2 gas may

be emitted. As a result, it is necessary to develop a compact CO2 gas sensor which

can readily be positioned for on-site monitoring.

To allow commercial applications of sensors at various potential emission sites,

the construction of these sensors from solid materials is desirable, so as to minimize

the size of the sensors and simplify the manufacturing process. To date, a number of

small CO2 gas sensors have been developed, and these may be categorized by their

sensing mechanism, whether based on optical cells, resistance/capacitance of semi-

conductors, or electromotive force (EMF)/current measurements based on solid

electrolytes. However, such sensors continue to exhibit deficits, including low

selectivity, poor chemical and physical stability, or high cost, and these problems

must be mitigated to improve their usefulness.
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In this section, we discuss compact CO2 sensors applying the detection methods

noted above. These devices, following future modifications, are anticipated to

represent the next generation of practical CO2-sensing tools.

17.1.1 Solid Electrolyte Sensors

A solid electrolyte is a functional material in which single ions migrate through a

solid structure, and these materials are expected to be applied as components of

compact gas sensors. There are two sensing mechanisms which may be exploited in

solid electrolyte sensors: potentiometric and amperometric. Potentiometric sensors

may be further divided into equilibrium and non-equilibrium potential (mixed

potential) types, although typically only the equilibrium potential type has been

investigated for use in CO2 sensors.

The equilibrium potential sensors are further classified into three categories

based on their specific construction, as summarized in Table 17.1. Although the

type I sensors will work for simple gas species such as O2 and H2 when using

appropriate solid electrolytes which are O2� and H+ ion conductors, it is not

possible to apply these devices to the sensing of oxide gases like CO2, since such

gases do not generate interface reactions. Type II sensors capable of detecting oxide

gases have been proposed by Gauthier et al.1,2 An important breakthrough in this

regard was the application of alkali metal or alkaline earth metal salts as the solid

electrolyte for the detection of oxide gas species. As an example, K2CO3 has been

applied as the solid electrolyte in a CO2 sensor. Although sensors using alkali metal

or alkaline earth metal carbonates as the solid electrolyte are able to detect CO2,

such salts would not be acceptable for practical applications because of their high

solubility in water as well as their poor mechanical strength. A type III sensor using

the Na+ ion-conducting material NASICON (Na+ super ionic conductor:

Na3Zr2Si2PO12) and Na2CO3 as the solid electrolyte and auxiliary sensing elec-

trode, respectively, was proposed by Saito and Maruyama in 1984.3 In this CO2

sensor, the solid electrolyte (NASICON) and the auxiliary sensing electrode

(Na2CO3) have a common mobile ion species (Na+). Although NASICON is a

superior solid electrolyte exhibiting high ion conductivity, Na2CO3 shows measur-

able solubility in water and also reacts with water vapor at elevated temperatures,

which disallows the commercial application of the sensor. In order to overcome this

problem, various mixed carbonates such as a Na2CO3–BaCO3 mixture4,5 have been

proposed for use as the auxiliary sensing electrode. CO2 sensors employing mixed

carbonates as the auxiliary sensing electrode have shown good sensing performance

over a wide CO2 concentration range (between 4 ppm and 40 %), but they still

suffer from the problem of high water solubility. Following the development of the

above type III CO2 sensor, many different type III CO2 sensors have been reported

with the aim of developing a commercially marketable device. Most of the solid

electrolytes, however, have been limited to Na+ and Li+ ion-conducting solids such

as NASICON, Na+-β/β00-alumina, and LISICON, so as to ensure high ion
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conductivity and thus sufficient sensing performance. Although sensors made with

Na+ and Li+ ion-conducting solid electrolytes of this type offer high sensitivity, the

associated compounds which form other parts of the CO2-sensing mechanism (such

as oxides and carbonates containing conducting ion species) are not inert and

readily react with ambient gas species. As a result, the output of these sensors

constantly undergoes interference in the presence of ambient species such as water

vapor.

Based on optimizing both the chemical stability and the long-term stability of the

sensor, multivalent cation-conducting solid electrolytes are considered to be pref-

erable as sensor components. However, since reasonably high ion conductivity is

required for the solid electrolyte in order to obtain desired performance parameters

such as fast responsiveness, it is necessary to develop multivalent cation conductors

with high ionic conductivity.

In 1999, a potentiometric CO2 sensor employing a trivalent Sc3+ ion conductor,

based on the structure of CO2-air, Pt
I|Li2CO3|Sc2(WO4)3

6 |YSZ|IIPt, and CO2-air,

was reported.7,8 A schematic illustration of the sensor cell is presented in Fig. 17.1.

The design of this sensor incorporates a number of important aspects. Firstly, yttria-

stabilized zirconia (YSZ) is used as one of the components of the sensor cell as an

O2� ion-conducting solid. By incorporating YSZ, the oxide which forms at the

interface between the cation-conducting solid electrolyte and the YSZ does not

have contact with the ambient atmosphere, limiting the influence of other gas

species such as O2, H2O, and NOx even if the entire sensor cell is exposed to the

ambient atmosphere. In addition, a Sc3+ ion-conducting Sc2(WO4)3 solid is applied

as the solid electrolyte. The stability of the oxide which forms at the interface of this

material is a key factor in its sensing performances. When an M+ ion conductor

Table 17.1 Classes of equilibrium potential gas sensors based on solid electrolytes

Type

Relationship between the conducting ion species in solid

electrolyte and the ion which electrochemically derived

from gas phase

Sensing

electrode

Reference

electrode

I Same Unnecessary Unnecessary

II Different Unnecessary Unnecessary

III Different Necessary Necessary

Fig. 17.1 Schematic

illustration of a CO2 sensor

combining Sc3+- and

O2�-conducting solid

electrolytes with a Li2CO3-

sensing auxiliary electrode

17 Carbon Oxides 1113



(M¼Na or Li) is applied as a sensor component, the M2O oxide formed at the

interface readily reacts with permeated CO2 and/or H2O gas species to formM2CO3

and/or MOH, respectively, and the formation of such compounds results in deteri-

oration of the sensing performance. It is therefore essential that a thermodynami-

cally stable oxide forms at the interface to ensure reliable sensor output. When the

Sc3+ cation-conducting solid electrolyte is used, the oxide formed at the interface is

Sc2O3, a compound which is extraordinarily stable. Sc2(WO4)3 also exhibits high

trivalent ion conductivity (6.5� 10�5 S cm�1 at 600 �C),9 which allows quick

sensor response based on the electrochemical reactions described below.

The proposed operating mechanism of a CO2 sensor based on solid Sc2(WO4)3
and YSZ together with an auxiliary Li2CO3-sensing electrode is as follows.

(Auxiliary sensing electrode)

Li2CO3 $ 2Liþ þ CO2
I þ 1=2O2

I þ 2e� ð17:1Þ

(Interface between Li2CO3 and Sc3+ ion-conducting solid electrolyte)

2Liþ þ 1=3Sc2 WO4ð Þ3 $ 2=3Sc3þ þ 1=3Li6 WO4ð Þ3 ð17:2Þ

(Interface between the two solid electrolytes)

2=3Sc3þ þ O2� $ 1=3Sc2O3 ð17:3Þ

(Reference electrode: YSZ)

1=2O2
II þ 2e� $ O2� ð17:4Þ

Overall, the chemical reaction may be written as below:

Li2CO3 þ 1=3Sc2 WO4ð Þ3 þ 1=2O2
II $ CO2

I þ 1=2O2
I

þ 1=3Li6 WO4ð Þ3 þ 1=3Sc2O3 ð17:5Þ

Based on the above, the following Nernst equation is derived:

E ¼ E0 � RT

2F
ln

pCO2
I

� �
aLi6 WO4ð Þ3

� �1=3

pO2
I

� �1=2
aSc2O3
ð Þ1=3

aLi2CO3
ð Þ aSc2 WO4ð Þ3

� �1=3

pO2
II

� �1=2

8
><

>:

9
>=

>;
ð17:6Þ

Since Sc2(WO4)3 and Li2CO3 are the base electrolyte and auxiliary sensing

electrode and Li6(WO4)3 is formed between the Li2CO3 and the Sc3+

ion-conducting solid electrolyte, the activities (a) of these solids should be unity.

In addition, as the entire sensor cell is exposed to the same atmosphere (as shown in

Fig. 17.1), O2
I is exactly equal to O2

II. Based on this, the Nernst equation (17.6) is

simplified as follows:
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E ¼ C1 const:ð Þ � RT

2F
ln pCO2

I

� �
aSc2O3
ð Þ� � ð17:7Þ

Here, because Sc2O3 formed between the two solid electrolytes is very stable at the

operating temperature, a(Sc2O3) is constant and the following equation can be

obtained from Eq. (17.7):

E ¼ C2 const:ð Þ � RT

2F
ln pCO2

I

� � ð17:8Þ

The CO2 concentration dependence of the sensor output is presented in Fig. 17.2.

1:1 theoretical linear Nernst relationship was obtained over the CO2 concentration

range between 200 ppm and 5 %, with a response time less than several minutes.

The quantity of electrons (n) calculated from the slope was 2.02, which is in good

agreement with the theoretical value of 2.00 obtained from Eq. (17.8).

One of the most remarkable advantages of this sensor is its highly stable sensor

output (measured as EMF). Figure 17.3 shows the variation over time in the sensor

output EMF when exposed to 1 % CO2. Compared to a sensor containing the Li+

ion-conducting LiTi2(PO4)3 + 0.2Li3PO4, the sensor with Sc2(WO4)3 exhibits a

highly stable EMF from the beginning of the CO2 measurements, while significant

deviations as high as 100 mV are observed in the case of the Li+ ion conductor. This

difference between the two sensors occurs because the solid formed at the interface

between the two solid electrolytes for the sensor with Sc3+ ion conductor is the

chemically stable compound Sc2O3, while reactive Li2O is generated at the inter-

face in the case of the Li+ ion conductor and, therefore, the EMF of this device

undergoes gradual drift and several days are required to obtain a stable reading.

These contrasting behaviors clearly indicate the merit of employing a trivalent

Fig. 17.2 Relationship

between sensor output

(EMF) and log(Pco2) at
550 �C for a sensor

incorporating Sc3+-

conducting Sc2(WO4)3. The

solid line represents the
theoretical slope obtained

from Eq. (17.8) (n¼ 2.00)
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cation conductor as a sensor component. In addition, the sensor using Sc2(WO4)3
has demonstrated extraordinary stable sensor EMF outputs over a prolonged test

period spanning 150 days.

Figure 17.4 depicts the sensor output EMFs in both dry and humid atmospheres

at 550 �C. Even in an atmosphere containing 3.0 vol% water vapor (saturated water

vapor at 25 �C), the EMF values are essentially identical to those obtained in a dry

atmosphere, suggesting that there is no interference by water vapor with regard to

the sensing performance. Furthermore, the sensor responds only to CO2 without any

interference due to the presence of O2 (tested concentration range: 5–40 %), NO

(100–500 ppm), or NO2 (100–500 ppm). These results also support the contention

that multivalent cation conductors are one of the promising candidates for sensor

components.

Fig. 17.3 Deviation of

sensor output (ΔEMF) in

response to 1 % CO2 at

550 �C over time for a CO2

sensor incorporating

Sc2(WO4)3. The

corresponding data for a

sensor based on a Li+

ion-conducting

LiTi2(PO4)3 + 0.2Li3PO4

solid is shown as a dashed
line

Fig. 17.4 Variations in

sensor EMF with the

logarithm of CO2

concentration in dry (open
square) and humid (water

vapor content: 3.0 vol%)

(�) atmospheres at 550 �C.
The solid line represents the
theoretical slope estimated

from Eq. (17.8) (n¼ 2.00)
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Although lithium carbonate is the most promising simple carbonate material for

the construction of an auxiliary sensing electrode, due to its high durability in the

presence of water vapor as well as its high sensitivity for CO2, Li2CO3 does dissolve

in water (1.29 g/100 g H2O at 25 �C) and so it is regarded as not sufficiently stable

for commercial use. Beginning in 2001, the rare earth oxycarbonate (R2O2CO3; R:

rare earths)-based material (Nd0.47Ba0.12Li0.29)2O0.94CO3 was proposed as a new

component of a novel CO2 auxiliary sensing electrode.10–13 The base material of

Nd2O2CO3 has extremely low solubility in water (3.2� 10�4 g/100 g H2O) as well

as reasonably high thermal stability up to 600 �C. While the solubility in water of

(Nd2/3Li1/3)2O4/3CO3 is 6.0� 10�3 g/100 g H2O, the solid solution containing both

BaCO3 and Li2CO3 has an extraordinarily low solubility of 1.1� 10�4 g/100 g

H2O. All CO2 sensors manufactured with multivalent cation-conducting solid

electrolytes using the (Nd0.47Ba0.12Li0.29)2O0.94CO3 sensing auxiliary

electrode13–15 demonstrated superior sensing performance similar to that of the

Sc2(WO4)3 device described above.

Amperometric sensors are generally more applicable when linear and reliable

sensing is required over a narrow concentration range, compared to potentiometric

sensors. Lee et al. reported an amperometric CO2 sensor using Na+16,17 or Li+ ion

conductors18 in 2003. The construction of the sensor incorporating NASICON, as

shown in Fig. 17.5, was similar to that of the potentiometric sensor: CO2, carbonate,

Pt|NASICON|Pt, and CO2. The response curve of a sensor with Na2CO3–BaCO3

during the applications of a 0.1 V external voltage at 400 �C is depicted in

Fig. 17.6a. While the current decayed during the initial stage, stable CO2-sensing

behavior was observed with a 90 % response time of 16 s. The current change of this

sensor is linear with the logarithm of the CO2 concentration, even in a humid

atmosphere (Fig. 17.6b), although the sensor output currents at low CO2 concen-

trations deviate slightly from the linear relationship. This sensor requires 20 min to

obtain a stable current at every stage of operation since the carbonate reacts with

NASICON and, as a result, Na+ activity in the sensor cell continually changes

during the current passage. These deficits make it difficult to find practical appli-

cations for such a device.

Fig. 17.5 Schematic illustration of an amperometric type CO2 sensor cell with a combination of

NASICON and Na2CO3-BaCO3
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17.1.2 CO2 Sensors Using Semiconductors

Semiconductors are widely used as gas sensor elements, since they are capable of

detecting combustible gases. The sensing mechanism of a device incorporating a

semiconductor is based on the resistivity change of the semiconductor following

gas adsorption on its surface. These sensors, however, have difficulty detecting CO2

gas, since the semiconductor resistance undergoes little change with the adsorption

of CO2 molecules. Thus far, only SnO2-, In2O3-, and BaTiO3-based metal oxides

have been reported to show CO2 sensing characteristics.

In 1990, Tamaki et al. first reported the possibility of using SnO2 for CO2

sensing.19 SnO2 undergoes a resistance change when CO2 is adsorbed on its surface,

although a meaningful change is observed only in dry atmospheres. In a humid

atmosphere, the resistivity of SnO2 does not vary due to interference by the surface

adsorption of water vapor. In order to improve the CO2-sensing properties of SnO2,

a variety of metal oxides were loaded onto the material by a sintering method and

the resulting sensing properties were investigated.20,21 Table 17.2 summarizes the

Fig. 17.6 (a)

Representative response

curve for a sensor based on

Na2CO3–BaCO3 at 400
�C.

(b) Sensor signals for CO2

in dry (open circle) and
humid (ca. 2.3 vol% H2O)

atmospheres ( filled circle)
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sensitivities (Rair/Rco2) and 90 % response times measured at 400 �C for the metal

oxide-loaded SnO2. The sensitivity was increased by loading with metal oxide in

the following order: pure SnO2� alkaline metal oxides� transition metal

oxides� alkaline earth oxides� rare earth oxides. Among the various metal oxides

tested, La2O3 showed the highest sensitivity along with a rapid response to CO2. In

addition, sensitivity was found to depend on the amount of metal oxide loaded,

although the response time does not change with La2O3 loadings over 1.0 wt%

(0.375 at.%), as shown in Fig. 17.7. These sensors, as prepared by the sintering

method, still have deficits associated with their inability to detect CO2 at the

ppm level and are also hampered by their significant sensitivity to the presence of

water vapor.

To enhance the CO2 sensitivity and durability in the presence of water vapor of

sensors incorporating La2O3-loaded SnO2, Sakama et al. developed an improved

sensor element based on the application of a sputtering technique.22 They

succeeded in loading increased amounts of La2O3 onto the SnO2 as compared to

samples prepared by sintering. In the case of samples fabricated with the sputtering

method, the optimum La concentration was 5 at.% which is considerably higher

than that required for devices processed with the sintering method (0.375 at.%).

Furthermore, it was shown that La2O3-loaded SnO2 prepared by calcination

Table 17.2 CO2-sensing performancea of metal oxide-loaded SnO2 at 400
�C

Metal oxide Amount of metal oxide (wt%) Rair/Rco2 Response timeb (min)

Pure SnO2 1.02 2.4

Li2O 0.6 1.41 0.7

Na2O 5.9 1.02 0.3

K2O 2.8 0.82

MgO 0.6 1.24 7.8

CaO 1.3 1.53 4.3

SrO 1.1 1.53 4.2

BaO 0.5 1.68 4.5

V2O5 0.4 1.04

Cr2O3 1.2 1.33 2.6

Fe2O3 0.5 1.34 1.4

Co3O4 2.6 1.17 2.7

NiO 1.4 1.32 3.4

CuO 1.8 1.16 1.4

ZnO 2.9 0.97

ZrO2 0.4 1.04 3.2

MoO3 0.4 1.27 7.2

La2O3 4.2 1.79 0.4

Pr2O3 3.4 1.54 0.5

Nd2O3 4.2 1.76 0.4
aCO2 concentration: 2,080 ppm
b90 % response time for the increase of CO2 concentration
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contained a considerable concentration of impurities and that the La in the material

tended to form a hydroxide. As a result, the sensor degenerated after several days of

exposure to humid air due to reaction with water,23 and additional additives such

as Y, Gd, and Mg were required to stabilize the sensor by preventing the aggrega-

tion of La. In contrast, additives are not necessary when employing films prepared

by the sputtering method. In addition, the operating temperature of the sensor

produced by sputtering was reduced to 200 �C. These enhancements are primarily

attributed to the loading of higher amounts La2O3 onto the SnO2.

Similar to manner in which the SnO2-based sensors were investigated, the

effects of In2O3 on the CO2 sensor element have also been examined.24 Pure

In2O3 has been shown to respond to CO2 with a sensitivity factor (Rair/Rco2) of
7.8, although its 90 % response time is overly long (ca. 64 min). Both the sensitivity

and the 90 % response time, however, are improved dramatically by the loading of a

metal oxide, just as was observed with SnO2. In case of In2O3, CaO (5.5 wt%) is the

most appropriate choice of metal oxide and a sensor with 5.5 wt% CaO loaded onto

In2O3 exhibited high sensitivity (12.9) with a 90 % response time of 40 min. Even

though the sample was prepared using the sintering method, it was able to detect

CO2 gas in a humid atmosphere. Interestingly, the 90 % response time of the sensor

in humid atmospheres (1.8 vol% H2O) decreased to 12 min, although the reason for

the acceleration of the response in humid atmospheres was not determined.

An equimolar complex oxide of BaTiO3-PbO has been shown to function as a

capacitive-type CO2 sensor.25 While the capacitance of pure BaTiO3 does not

change in response to CO, the capacitance of a BaTiO3-PbO mixture is significantly

decreased in an atmosphere of 2 % CO2 in dry air. Since BaTiO3 does not react with

PbO during the measurement process, BaTiO3 behaves as a semiconductor at the

operating temperature of 500 �C and the capacitance of the mixed oxide is greatly

increased by mixing PbO and BaTiO3. The sensitivity of BaTiO3-PbO to CO2

drastically changes with temperature and the highest sensitivity is obtained at

ca. 500 �C, as shown in Fig. 17.8. The CO2-sensing mechanism of this device is

based on an initial reaction involving the carbonation of PbO. While the

Fig. 17.7 La2O3 content

dependencies of the

sensitivity (open circle) and
90 % response time ( filled
square) at 400 �C of a

La2O3-loaded SnO2 sensor
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carbonation proceeds readily at elevated temperatures, the PbCO3 formed in this

reaction will decompose when heated above its decomposition temperature of

315 �C. Unfortunately, the temperature at which maximum sensitivity is obtained

is higher than this decomposition temperature. Because the reaction rate between

solids and gases is generally reduced at lower temperatures, the rate of PbO

carbonation should increase significantly with heating, but these higher tempera-

tures will also decrease the equilibrium yield of PbCO3. As a result, the maximum

sensitivity of these devices is attained at ca. 500 �C. Other mixed oxide capacitors

based on BaTiO3 were also tested26 and the CO2-sensing characteristics of the

resulting mixed oxide capacitors are listed in Table 17.3. The optimum operating

temperature of all the sensors is ca. 150–200 �C above the decomposition temper-

ature of the carbonates of the compounds combined with BaTiO3, and it is clear that

the optimum operating temperature strongly depends on the thermal stability of the

corresponding carbonate, similar to the case of PbO as described above. This

relationship between the operating temperature and the decomposition temperature

of the carbonate suggests that the capacitance change of the mixed oxides is caused

by the carbonation of the oxides combined with BaTiO3. Therefore, no capacitance

change was observed when SiO2, Al2O3, and V2O5 were applied, since these

compounds do not form carbonates under relatively mild conditions.

The selectivity of the BaTiO3-CuO-based sensor which showed the highest

sensitivity to CO2 among the various different BaTiO3-MxOy compounds was

subsequently investigated. Figure 17.9 displays the time dependence of the capac-

itance of an equimolar mixture of BaTiO3-CuO during exposure to 2 % CO, H2,

CH4, CO2, and C2H5OH as well as 2.8 % H2O at 456 �C. While neither CH4 nor H2

produces a response in the sensor, CO, H2O, and C2H5OH all affect the capacitance

of the sensor element. This response occurs as a result of the oxidation of both CO

and C2H5OH to CO2 by CuO, which is a well-known oxidation catalyst. Conversely,

Fig. 17.8 Temperature

dependence of the

sensitivity of BaTiO3-PbO

to 2 % CO2 at an operation

frequency of 50 kHz
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adsorption of H2O on the sensor element increases the capacitance due to its large

dielectric constant, such that the capacitance change varies with the amount of

adsorbed water vapor. Since the sensitivity for CO2 is affected by the presence of

other gases such as CO and C2H5OH, it is thought that CO2 sensors based on

semiconductors will be difficult to utilize for practical applications. Although

Ishihara et al. theorized that the CO2-sensingmechanismwas based on the carbonate

reaction of the metal oxide in the equimolar mixed oxide, Liao and co-workers

proposed a different mechanism.27,28 Their calculations of the Gibbs free energy

based on the thermodynamic theory of chemical reaction processes suggested that a

Table 17.3 CO2-sensing properties of the equimolar mixed oxide MxOy-BaTiO3

MxOy Operating temperaturea (�C) Sensitivityb, Cco2/Cair Upper limit for detection (%)

CaO >900 0.891 8

MgO 867 0.329 10

La2O3 766 0.451 8

Nd2O3 550 0.641 6

Y2O3 759 0.794 10

CeO2 661 0.410 8

PbO 501 0.711 6

NiO 555 0.441 20

CuO 456 2.892 6

ZrO2 642 0.740 10

Co3O4 528 0.362 6

Fe2O3 341 0.678 2

Bi2O3 445 0.824 2

V2O5 1.000 0

Nb2O5 1.000 0

SiO2 1.000 0

Al2O3 1.000 0

SnO2 1.000 0
aOptimum temperature for CO2 detection
bSensitivity to 2 % CO2

Fig. 17.9 Time

dependence of the

capacitance of an equimolar

mixture of BaTiO3-CuO on

exposure to 2 % CO, H2,

CH4, CO2, and C2H5OH,

and 2.8 % H2O at 456 �C
(frequency 50 kHz)
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chemical carbonation reaction does not occur between CuO or BaTiO3 and CO2 gas.

Furthermore, XPS analysis of oxide samples did not show any evidence of carbon-

ation and, as a result, they concluded that the temperature sensitivity characteristics

of the sensor (for example, Fig. 17.8) are simply due to typical surface adsorption

processes, similar to those which most oxide-based gas sensors exhibit. The adsorp-

tion of a gas can be divided into physical and chemical processes, with physical

adsorption predominant at lower temperatures and chemical adsorption increasingly

important at higher temperatures. Sensitivity will therefore initially increase with

temperature but, at a certain value of temperature, disadsorption of CO2 will occur

and both chemical and physical adsorptions will thus decrease. As a result, the

sensitivity of these sensing devices will increase with temperature, reach a maxi-

mum value, and then decrease with increasing temperatures.

17.1.3 Other Sensor Types

In 1995, an amine-based, surface-bonded silica gel was reported to be useful as a

scrubber for CO2 produced in industrial gaseous streams.29 In this silica gel, CO2

interacts reversibly with the amine, forming carbamate species, and the adsorbed

CO2 is subsequently liberated by heating above 40
�C. Since this characteristic may

have applications to CO2 sensing, Rocchia et al. have studied a CO2 sensor based on

a porous silicon (PS) film modified on its surface by the application of an amine.30

The porous silicon used in this manner was modified in two steps, consisting of

oxidation with ozone and chemical modification with 3-amino-1-propanol. The

samples prepared in this manner were found to have been successfully modified

by the amine based on their FT-IR spectra. The resulting PS layer is sufficiently

smooth so as to produce a Fabry-Perot pattern, described by

EOT ¼ 2nd�mλ ð17:9Þ

where EOT, n, d, and m are the effective optical thickness, the refractive index, the

sample thickness, and the fringe order, respectively. The sensing mechanism is

based on tracking wavelength shifts in the fringe pattern in response to CO2

adsorption. The interaction between the modified PS surface and CO2 causes a

change in the refractive index, resulting in a shift of the fringe pattern as a function

of the CO2 partial pressure. The shift of the interference pattern at different CO2

concentrations is depicted in Fig. 17.10. Low concentrations of CO2 (5,000 ppm to

1.1 %) cause a red shift of the fringe pattern which plateaus when the CO2

concentration reaches 2.1 %. The red shift is presumably caused by an increase of

the refractive index due to the formation of new species as a consequence of the

interaction between CO2 and PS-NH2 functional groups, and the sensor behavior at

very high CO2 concentrations is attributed to saturation of the accessible amine

groups. The initial spectral fringe pattern is recovered by removing CO2 from the

carrier gas (dash-dot line in Fig. 17.10), although the rate of recovery is slow.
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Furthermore, since the interference of other gas species on CO2 sensing has not yet

been investigated, the selectivity of this type of sensor is uncertain at present.

Optical CO2 sensors may be classified into two types: those based on the

colorimetric change of a pH indicator dye such as phenolsulfonphthalein (phenol

red)31–35 and those based on the CO2-induced fluorescence change in a luminescent

dye such as 1-hydroxypyrene trisulfonate.36–39 Although fluorescent phenol-based

sensors are capable of measuring CO2 gas concentrations, the number of com-

pounds which will work in such sensors is extremely limited. In 2003, Nakamura

et al. reported an optical CO2 sensor fabricated by combining the colorimetric

change of a pH indicator dye, such as thymol blue, phenol red, or cresol red, with a

luminescent dye consisting of a tris(thenoyltrifluoroacetonate) europium(III) dehy-

drate complex [Eu(tta)3].
40,41 In this sensor configuration, emission from the lumi-

nescent dye is decreased in the absence of CO2 due to absorption by the pH

indicator dye, while the emission intensity increases with the ambient CO2 con-

centration since the attendant colorimetric change of the pH indicator dye leads to a

successive decrease in its absorbance of the luminescence. In this manner, the CO2

concentration is determined by measuring the luminescence intensity from the

luminescent dye which is able to transmit through the pH indicator. Among the

various pH indicators investigated in conjunction with an internal reference lumi-

nescent dye composed of a Eu(III) complex, α-naphtholphthalein was found to

exhibit a large A0/A100 value, where A0 and A100 are absorbance in 100 % Ar and

100 % CO2, respectively.

Although the luminescence intensity is dependent of the particular luminescent

dye applied, the most important component of this sensor is the pH indicator.

The CO2-sensing properties of a film composed of a combination of

α-naphtholphthalein with tetraphenylporphyrin (TPP) as the pH indicator and

internal reference dyes may be used as an example.42 The exact constitution of

this sensing film is α-naphtholphthalein/tetraoctyl ammonium hydroxide/cellulose/

tributyl phosphate/non-luminescent glass slide/TPP/polystyrene.

Fig. 17.10 Shift of the

fringe pattern with

increasing CO2 partial

pressures (carrier gas: dry

N2): 5,000 ppm CO2 (solid
line); 1.1 % CO2 (dotted
line); 2.1 % CO2 (dashed
line); 0 ppm CO2 (dash-dot
line)
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Figure 17.11 shows the reaction between α-naphtholphthalein and CO2.

{Q+N�·xH2O} is the ion pair formed from the tetraoctyl ammonium cation (Q+)

and the deprotonated form of α-naphtholphthalein (N�) and K is the equilibrium

constant. In this sensor, the relationship between observed luminescence intensity and

the CO2 concentration may be described as (based on the derivation in reference (42))

I=I0 ¼ 10 �C 1=Kþ CO2½ �ð Þþ1þKf g ð17:10Þ

where Io and I are the luminescence intensities at 655 nm when the film is exposed

to 100 % N2 and various concentration of CO2, respectively, and C is a constant.

When an excitation light source (350 nm) is introduced from the

α-naphtholphthalein side under various CO2 concentrations at room temperature,

the absorption band of α-naphtholphthalein at approximately 655 nm decreases

with increasing CO2 concentration and, as a result, the luminescence intensity of the

TPP measured at 655 nm is enhanced with increasing CO2 concentrations, as

depicted in Fig. 17.12. The 90 % response and recovery times of a film containing

Fig. 17.11 (a) Reaction

scheme of

α-naphtholphthalein with

CO2. (b) Molecular

structures of deprotonated

(N�) and protonated

(NH) α-naphtholphthalein

Fig. 17.12 I/I0 values of
CO2-sensing films

consisting of 2.8 mM

α-naphtholphthalein in an

ethyl cellulose layer and

TPP in a polystyrene layer

at various CO2

concentrations. The

excitation and emission

wavelengths were 350 nm

and 655 nm, respectively
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2.8 mM α-naphtholphthalein and TPP are 5.4 and 4.5 s, respectively, when the CO2

concentration changes between 0 and 100 %. While the luminescence intensity is

not affected by the presence of either O2 or CO, the intensity is increased when the

film is exposed to acidic gas such as HCl. Furthermore, since the CO2-sensing

properties of this device have not been examined in humid atmospheres nor in the

presence of gases such as NOx, further investigation is necessary.

17.2 Carbon Monoxide

Carbon monoxide is one of the most well-known toxic gases, notorious as the

“invisible silent killer” due to its colorless, tasteless, and odorless nature, and so

sensors capable of detecting CO gas have been in demand as a means of ensuring

human safety. Until now, various types of CO sensors such as semiconductor,

catalytic, electrochemical, optical, and solid electrolyte variations have been inves-

tigated. Among these, the catalytic and electrochemical types have been commer-

cialized since these sensors offer reliable sensing performance along with long-term

stability, high sensitivity, and low cost, although some problems such as selectivity,

thermal stability, and safety still remain. Due to their advantages with regard to

long-term stability and sensitivity, the electrochemical sensors are most commonly

employed as commercial CO gas-monitoring devices.

17.2.1 Catalytic Combustion CO Sensors

In the catalytic-type sensor, otherwise known as the catalytic combustion sensor,

the sensing mechanism is based on resistance changes in a Pt wire (generally

present as a coil to allow an increased surface contact area with the catalyst)

resulting from the heat generated by oxidation of CO on a catalyst. Pt-loaded

Al2O3 (Pt/Al2O3) is commonly used as the CO oxidation catalyst in these devices.

Since the Pt/Al2O3 requires temperatures above 400 �C to fully oxidize CO to CO2,

other gases (such as H2) are also oxidized and therefore the selectivity of these

devices for CO is often compromised. Much effort has gone into finding other metal

oxides which can be added to Pt/Al2O3 to improve the performance of these

sensors, but high selectivity for CO has not yet been obtained. It is therefore

important to lower the operational temperature of these sensors to improve their

CO selectivity, by incorporating new CO oxidation catalysts that work at relatively

low temperatures at which gases other than CO are not oxidized.

In 2013, a new, low-temperature catalytic combustion CO sensor was reported,43

using a CeO2-ZrO2-SnO2-based oxide as the catalyst. Since 10 wt% Pt-loaded

Ce0.68Zr0.17Sn0.15O2.0 (10 wt% Pt/Ce0.68Zr0.17Sn0.15O2.0) shows superior

CO-oxidizing performance at 65 �C (Fig. 17.13), a sensor with 10 wt%

Pt/Ce0.68Zr0.17Sn0.15O2.0 as the catalyst exhibited CO detection at temperatures as
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low as 70 �C (Fig. 17.14). Although this catalyst can fully oxidize CO at 65 �C, a
temperature of 70 �C is required in order to compensate for the very small amount

of catalyst used in the sensor. The development of this sensor, capable of detecting

CO gas at temperatures below 100 �C, should contribute to the future commercial-

ization of catalytic combustion-type CO sensors.

17.2.2 Semiconductor Type

As noted above, gas sensing with semiconductors is based on the resistance change of

the semiconductor in response to gas adsorption onto the semiconductor surface.

Therefore, n-type semiconductors such as SnO2 have been widely used for the

Fig. 17.13 CO conversion

properties of the 10 wt%

Pt/Ce0.68Zr0.17Sn0.15O2.0

catalyst as a function of

temperature

Fig. 17.14 Sensor signals

(as the ratio of resistance in

CO to that in air: RCO/Rair)

at various CO

concentrations of a catalytic

combustion-type sensor

incorporating 10 wt%

Pt/Ce0.68Zr0.17Sn0.15O2.0

catalyst at 70 �C
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detection of electron-donating CO gas. Similar to the catalytic combustion sensor

described earlier, sensors incorporating semiconductors are generally lacking in

selectivity and so efforts have been made to improve their properties by adding

metal or metal oxides to the base semiconductor. A reliable and selective

semiconductor-based CO sensor, however, has not yet been realized by this technique.

More recently, nanomaterials have been widely studied in various fields due to

their unique properties, which are often significantly different from those of the

bulk material, and there are some reports on CO sensing using nanomaterials.

Among the various studies on practically applicable CO sensors incorporating

semiconductors, room temperature operation was reported for sensors based on

carbon nanotubes (CNTs) in 2013.44 Although pristine carbon nanotubes are

insensitive to CO due to the small adsorption energy of CO on the CNT surface,

a response to CO has been obtained by coating single-wall nanotubes (SWCNTs)

with SnO2 nanoparticles. The resulting sensor is able to detect CO gas concentra-

tions above 1 ppm with a response time of ca. 2 s (63.2 % response of the overall

resistance change) at room temperature. Difficulties with cross-sensitivity for H2

still remain, although the interference effects of H2 are minimal compared to those

experienced by conventional semiconductor-type sensors. Even so, further

improvements are necessary before these new sensors can be considered for

everyday use.

Although other nanostructured materials (NiO nanotubes,45 ZnO nanowires,46

WO3 nanoparticles,47 and SnO2 nanorods48) have been intensively studied as

promising candidates for use in CO sensors operable at room temperature, their

sensitivity is also insufficient to allow their use in practical application, similar to

the status of sensors incorporating CNTs.

17.2.3 Solid Electrolyte-Type Sensors

With regard to the solid electrolyte CO2 sensors described in Sect. 17.1, there have

been no reports of auxiliary sensing electrode materials which undergo equilibrium

reactions solely with CO, and therefore it is difficult to develop solid electrolyte CO

sensors which detect gas based on equilibrium potentials. A significant number of

studies concerning solid electrolyte sensors have, however, identified another

approach which makes use of the non-equilibrium potential, in other words,

mixed potential. Sensors based on this approach can be expected to detect various

gases which are not detected by the conventional equilibrium potential method. If

both O2 and CO are present, these gases will react according to Eq. (17.11) until the

three gases are in equilibrium:

COþ 1=2O2 ¼ CO2 ð17:11Þ
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At the electrolyte–electrode interface, however, O2 and CO can establish a

mixed potential by reduction of O2 and oxidation of CO as shown in reactions

(17.12) and (17.13), before reaching equilibrium concentrations:

1=2 O2 þ 2 e� ¼ O2� ð17:12Þ

COþ O2� ¼ CO2 þ 2e� ð17:13Þ

At the sensing electrode, the electrochemical oxidation (Eq. 17.13) and reduc-

tion (Eq. 17.12) occur simultaneously and establish a local cell. When the rates of

these reactions are equal to one another, the potential of the sensing electrode is a

mixed potential.

Throughout the 1980s and 1990s, a large number of mixed potential-type CO

sensors were reported. Most of these reports concerned sensors employing YSZ as a

solid electrolyte,49–55 as listed in Table 17.4, due to its high O2� ion conductivity.

During the preliminary investigation of mixed potential CO sensors with YSZ, the

noble metal Pt was widely used as a sensing electrode, in a manner similar to its use in

conventional equilibrium potentiometric sensors. Sensors using Pt electrodes, how-

ever, exhibited low EMF responses to the target gas at elevated temperatures above

500 �C and poor gas selectivity below 400 �C if the catalytic layer was not covered by

the Pt electrode.As a result, therewere efforts to improve theCO-sensing performance

of these devices. One approach used a Pt-based alloy electrode, while another applied

ametal oxide as the sensing electrode. Vogel et al. reported that sensor EMF responses

were improved by using Pt-based alloy electrodes.56 Among the Pt-based alloys,

Pt-Au alloy electrodes exhibited the highest response to CO, although such sensors

also responded to H2. The increased sensitivity of sensors incorporating alloy

electrodes was considered to be due to the reduced catalytic activity for the

gas-phase oxidation of CO resulting from alloying Pt with Au. Although the adoption

of the Pt-based alloy electrodes was effective at improving the sensitivity at high

Table 17.4 Typical examples of mixed potential CO gas sensors reported in the 1980s and 1990s

Sensor structurea Air, (cat), REjelectrolytejSE,
(cat), target gas

Sensing property

Ref.Operating temp. (�C) Gas conc.

Air, PtjYSZjPt(Pd), CO(+air) 500–700 0–1.5 % 49

CO(+air), (Pt-Al2O3), PtjYSZjPt, CO(+air) 260–350 0–100 ppm 50

CO(+air), (Pt-Al2O3), PtjYSZjPt, (SnO2+KCl),

CO(+air)

360 100–3,000 ppm 51

Air, PtjYSZjPt, (CuO-ZnO/Al2O3), CO(+air) 450 0–10,000 ppm 52

Air, PtjYSZjPt, CO(+air) 500 32–800 ppm 53

CO(+air), LaMnO3jYSZjLaMnO3, (Pt-Al2O3),

CO(+air)

350–450 0–7,000 ppm 54

CO(+air), Pt, SnO2jYSZjCdO, Pt, CO(+air) 600 20–4,000 ppm 55

aRE reference electrode, SE sensing electrode, cat catalyst
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temperatures, there was still the problem of poor selectivity. As a result, various

different metal oxides were studied as potential candidates for the sensing electrode.

Miura et al. intensively investigated mixed potential CO sensors with various

kinds of metal oxide electrodes in 1998. To evaluate the efficiency of metal oxide

electrodes for selective CO detection, 15 different metal oxides were used as the

sensing electrodes in a YSZ-based sensor (reference electrode: Pt). Table 17.5

summarizes the observed sensitivities to 200 ppm CO and 200 ppm H2 at 600
�C.

Although the sensitivities to CO and H2 were low when Pt metal was used as the

sensing electrode, as described above, remarkable increases in the sensitivity to CO

were obtained with sensors using ZnO, CdO, In2O3, and SnO2, suggesting that some

metal oxides can improve the sensitivity to CO when applied as the sensing

electrode. Although these metal oxides do exhibit high sensitivity to H2, their

sensitivity to H2 is almost equal to that of sensors fabricated with CdO or SnO2.

Miura et al. produced a sensor using two kinds of metal oxides CdO and SnO2 as the

sensing electrode and investigated the CO-sensing performance by measuring

the EMF response between CdO and SnO2 electrodes. Figure 17.15 displays the

cross-sensitivity of the YSZ sensor with CdO and SnO2 electrodes at 600
�C. By

combining CdO and SnO2, selectivity to CO is greatly improved, although there

still remains the issue of sensitivity to H2, NO2, and CH4.

Mixed potential CO sensors incorporating oxide ion conductors other than YSZ

have been investigated, but superior sensing performance offering both high selec-

tivity and sensitivity has not yet been realized. The primary factor in improving

these mixed potential sensors to the point where they can be marketed will be the

discovery of new sensing electrode materials which provide both high selectivity

and sensitivity.

Table 17.5 EMF responses

to CO and H2 of YSZ-based

sensors incorporating various

metal oxides as the sensing

electrode at 600 �C

Metal oxide

EMF (mV)

200 ppm H2 200 ppm CO

TiO2 �7 0

Cr2O3 0 0

Mn2O3 0 0

Fe2O3 �4 �2

Co3O4 0 0

NiO 0 0

CuO �1 0

ZnO �125 �44

MoO3 �5 �1

CdO �104 �126

In2O3 �70 �47

SnO2 �92 �50

Sb2O3 �15 �7

WO3 �2 �1

PbO2 0 0

Pt only �3 �1
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Chapter 18

Data Treatment of Electrochemical Sensors

and Biosensors

Elio Desimoni and Barbara Brunetti

18.1 Introduction

The ultimate aim of developing electrochemical sensors or biosensors, EBs, is

proposing to the scientific community devices suitable for real sample analysis. It

follows that sensor performances should be concretized by proper figures of merit,

FM, estimated according to agreed protocols, and reported according to unambig-

uous formats. As far as we know the most frequently reported FM are those usually

estimated in validation studies, e.g., linear range, limits of detection and quantifi-

cation, precision, trueness, uncertainty, selectivity, and recovery (see for example

reference (1)). Of course, developing and testing new EBs seldom need a complete

validation study. Most frequently, papers are mainly aimed at reporting details of

the method used to prepare the sensor, of experiments used for characterizing its

chemical/biochemical/electrochemical/morphological features, and of its potential

applications. But, if some analytical performances of the proposed sensor are

presented to the reader, then they should be estimated by reliable approaches and

allow a reasonably appropriate interpretation. However, while preparing a recent

review paper dealing with glassy carbon electrode surface modified by acidic

functionalities,2 it was noticed that quite often some of the reported FM were ill

defined or reported in an inadequate format.2,3 In such a situation, reconsidering

how to estimate and to report them might be valuable to any experimentalist

involved in developing EBs.

Based on many well-known books and guidelines,1,4–12 the matter here below is

aimed at suggesting the simplest ways for estimating the selected FM, avoiding

incorrect/unreasonable statements. Additional information is also given for even-

tual in-depth insights.
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18.2 Linear Range and Regression Relationship

Almost any paper dealing with EBs reports a calibration curve. The calibration

curve is the graphical representation of the measured signal as a function of the

concentration (or sometimes of the quantity) of analyte, and the linearity defines the

ability of the method to obtain test results proportional to the analyte concentra-

tion.1 The calibration function is most frequently estimated by applying a regres-

sion technique in the linear range. When reporting a linear range, it is mandatory

detailing how it was estimated. Sometimes, a “good” (may be larger than |0.9|)

correlation coefficient, r, is assumed as a proof of linearity. This is not correct.13–16

The correlation coefficient is an indicator of correlation, not of linearity. According

to the Analytical Methods Committee of the Royal Chemical Society, choosing r as
an indicator of linearity could be accepted only for r> |0.999|.13

A simple way to check the “absence of nonlinearity” (linearity can never be

proved) is the visual inspection of residuals.5,9–12,17–19 These are the differences

between any experimental signal and the relevant signal value predicted by the

regression line. Residuals must be properly scaled to facilitate their inspection.

Figure 18.1 shows few examples of residual plots to be used in regression

diagnostic.

Ideally, residuals should be randomly distributed around zero, thus evidencing

the absence of a clear nonlinearity (see Fig. 18.1a). Moreover, residuals should not

increase on increasing concentration (see Fig. 18.1c). As far as we know, the

residuals window is quite rarely reported in the published papers. Figure 18.2

shows an example of calibration completed by the residual window. Of course,

less qualitative evaluations of linearity are possible (see Sect. 18.2.1).

Sometimes, when describing the analytical performances of the proposed sensor,

authors state that the explored analytical range is characterized by two (or even

Fig. 18.1 Distributions of regression residuals. (a) Satisfactory distribution (absence of

nonlinearity); (b) wrong slope; (c) probable heteroscedasticity; (d) evidence of nonlinearity
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three) subsequent linear portions. This is frequently observed in the case of adsorp-

tion mechanisms since linear ranges could have different slopes due to the different

amounts of analyte adsorbed on the modified electrode surface: the analyte could be

directly adsorbed as a monolayer onto the modifier at low concentrations, and as a

multilayer at higher concentrations. This causes the calibration curve to break. But

reporting two/three linear ranges for stating a larger than real linear range should be

avoided, since it actually means that the functional relationship is not linear at all.3

Figure 18.3 shows an example highlighting possible systematic errors resulting

from such a practice. The explored data are displayed in Table 18.1. The dispersion
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plot is clearly not linear. The regression relationship, RR, obtained by nonlinear

least-square regression is

y xð Þ ¼ �1:4806 � 104 � x2 þ 0:5471 � xþ 2:0089 � 10�7 ð18:1Þ

In the same Fig. 18.3, experimental data are also fitted by ordinary linear least-

square regression, OLS, over two linear ranges. The two RRs are

y xð Þ ¼ 0:5759 � xþ 2:8795 � 10�7 lowest 3 calibration pointsð Þ ð18:2Þ

and

y xð Þ ¼ 0:1313 � xþ 2:6109 � 10�6 highest 4 calibration pointsð Þ ð18:3Þ

Let us consider, for example, a signal Ix¼ 4.5� 10�6 A (see Fig. 18.3). The

interpolation of the quadratic (Eq. 18.1) and linear (Eq. 18.3) RRs returns

Cxq¼ 1.13� 10�5 M and Cxl¼ 1.43� 10�5 M, respectively. The obvious conclu-

sion is that using RRs estimated by choosing two or more linear ranges, in place of

the nonlinear RR, can return more or less biased interpolated concentrations. When

the dispersion plot is clearly not linear, using data transformations,9,11,18 reducing

the concentration range or (why not?) using a nonlinear regression would certainly

be more correct.

18.2.1 About Ordinary Least-Square Regression

The estimation of RRs is usually performed by ordinary least-square linear regres-

sion. This should be done by preferably testing at least six different concentration

levels within the linear range plus the blank (if this last exists or it is measurable).1

To minimize eventual experimental drifts, test samples should be examined in

random order (not in order of increasing concentration values). Possibly, standard

or test samples should be analyzed in duplicate (or more), especially when it is not

possible to analyze at least six standards. If repeating the analysis of some

Table 18.1 Experimental

data used in Fig. 18.3
C/M S/A

9.9800� 10�7 8.08� 10�7

2.2399� 10�6 1.66� 10�6

4.7053� 10�6 2.97� 10�6

7.1474� 10�6 3.47� 10�6

1.2016� 10�5 4.29� 10�6

1.6837� 10�5 4.86� 10�6

2.1612� 10�5 5.39� 10�6
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standards, independent values must be used. Of course, calibrations should be

performed in a matrix having a composition as close as possible to that of real

samples. If this is not possible, the method of standard additions is mandatory.

It should be also remembered that OLS relies on some mandatory

assumptions11,18,19:

1. Experimental errors associated with the independent variable (concentration)

should be negligible compared to those associated with the dependent variable

(signal).

2. Errors associated with the dependent variable must be normally distributed.

3. The analytical system must be homoscedastic; for example, precision must not

significantly change on changing concentration.

4. Signals must be a linear function of concentration (whatever the scatter diagram,

OLS always return a linear function).

Even when papers describing new EBs are not involved in complete validation

studies, nevertheless some information about the above points should significantly

improve their quality.

Assumption (1) is usually satisfied when working with signal/concentration

RRs. This is because concentrations are assumed error free. Such a kind of

regression is known as Model I regression.20 On the contrary, when both the

dependent and independent variables are affected by experimental uncertainty, a

Model II regression analysis is mandatory. This is usually the case when dealing

with method comparison (see for example references (9, 20–23)).

Few tests are available for checking assumption (2). However, this task is not

always meaningful since the available tests always need a consistent number of

repetitions of the analysis of the examined concentration level, a condition rarely

verified when developing EBs. The Shapiro-Wilk test can be performed by using at

least three replicates,24,25 but the result obtained by using such a low number of data

is hardly significant.

Assumption (3) can be easily checked by Bartlett or Cochran tests.9–11 But also

these tests require performing some replicates of the analysis of the standard

samples used in the calibration. The Cochran test is simpler, but all variances

associated to the different concentration levels must have the same degrees of

freedom. The Bartlett test does not suffer of this limitation, but it is a little more

complicated.

When precision significantly changes with concentration, the analytical system

is heteroscedastic and a weighted least-square regression is mandatory.10,11,18,25,26

The literature reports examples of in-house-developed worksheets that allow

performing weighted regression along with all (or many of) the abovementioned

tests.27,28

Assumption (4) can be easily checked by examining the residuals window, as

above mentioned. But more suitable statistical tests, like lack-of-fit or Mandel test,

are available.12,17,26
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18.2.2 About Rounding Results

When reporting the results of a calibration, it should be mandatory reporting also

the uncertainty intervals of slope and intercept. The raw RR estimated in the case of

Fig. 18.2 is the following:

y xð Þ ¼ 4:4059� 0:23126ð Þ � 10�3 � xþ 2:5398� 1:85825ð Þ
� 10�9 P : 95%; n ¼ 6ð Þ ð18:4Þ

Slope and intercept are reported with their uncertainties, estimated as the product

of relevant standard deviations by the Student t-value (two-tails, n� 2 degrees of

freedom, P¼ 95 %). In this equation, n is the number of data points and P the

confidence level. Reporting the bare standard deviations of slope and intercept as a

sort of uncertainty of the relevant parameters should be avoided, since uncertainties

must be quoted at a certain confidence level. Moreover, according to the Guide to
the expression of uncertainty in measurement, it is rarely necessary reporting the

uncertainty at more than two significant digits.4 By rounding at the second signif-

icant digit of uncertainty, Eq. (18.4) changes to

y xð Þ ¼ 4:41� 0:23ð Þ � 10�3 � xþ 2:5� 1:9ð Þ � 10�9 P : 95%; n ¼ 6ð Þ ð18:5Þ

Slope and intercept are rounded to the same decimal place as their uncertainty.

Hopefully, as done in Eqs. (18.4) and (18.5), the number of data points, n, or the
degrees of freedom, ν, and the confidence level should complete the information.

Stating that the proposed sensor is characterized by a linear RR without the

information above specified is almost meaningless.

The same rounding format should be used when reporting interpolated/extrap-

olated concentrations of the analyte.

18.3 Limit of Detection

The limit of detection, LOD, is the lowest analyte concentration that can be

measured with reasonable statistical certainty.1 A lively debate is still open about

how LOD can be estimated.6–8,29–42 According to a renowned expert, at the end of

1990s the current meanings attached to the expression detection limit led to

numerical values spanning three orders of magnitude.29,37 Even today, the mean-

ing/quality of LOD estimates is often unsatisfactory.

A first observation concerns the use of estimating LOD as the signal-to-noise

(S/N) ratio. Even nowadays, the S/N approach is frequently adopted by many

researchers, as recently underlined.3 It can be easily estimated, being based on a

more or less subjective evaluation of the noise (the stochastic component of any

experimental signal) and explicitly recognizing only false-positive errors while
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accepting a 50 % probability of false-negative errors.37 This explains why this

approach was enclosed in the Prehistory section of the Historical Background part

of the cited review.37

This practice can be dismissed by choosing few equally simple approaches. In

particular, the S/N approach can be replaced by those represented by the following

equations1,11,18,30,31,37:

LOD ¼ 3:0 � σB
b

ð18:6Þ

and

LOD ¼ 2 � 1:645 � σB
b

¼ 3:29 � σB
b

ð18:7Þ

in which σB is the standard deviation of the population of blank signals and b is the
slope of the regression line. In practice, σB is often substituted by sB, the sample

standard deviation. The 3.29 multiplier is usually rounded to 3.3. Of course these

approaches imply some more work, since the blank must be analyzed by

performing a consistent number of replicates (at least ten1), but relies on more

statistical bases than the S/N one. The two equations are quite different, since

Eq. (18.6) is used for controlling false-positive error at about 0,135 % and false-

negative errors at 50 %, while Eq. (18.7) is chosen when controlling both errors at

5 % (see for example references (11, 29–31)). Equations (18.6) and (18.7) are based on

several severe assumptions which can hardly be satisfied:

1. Random errors must be normally distributed (but very likely the distribution of

signals close to a physical limit—absence of the analyte—is not Gaussian).

2. Systematic errors must be absent.

3. The blank must be a sample in which the analyte concentration is equal to zero.

4. The analytical system in the explored concentration range is homoscedastic.

5. The blank is the same matrix to all the samples.

Nevertheless Eqs. (18.6) and (18.7) are widely accepted since they allow rea-

sonable, and above all simple, estimations of the limit of detection.

Using the S/N approach in place of those represented by Eqs. (18.6) and (18.7) is

often justified in terms of an unacceptable increase of time and cost of the mea-

surements, of the unavailability of the real blank, or of the impossibility to measure

the signal of the blank. This last problem can usually happen when using instru-

mentations which automatically subtract the background from the signal of any test

sample. In these cases it is possible spiking the blank with the lowest analyte

concentration allowing the measurement of the minimum signal different from

zero. However, spiking of the blank with the analyte can significantly reduce the

value of the standard deviation of the signal with respect to the true σB. In fact, it is
well known that experimental precision exponentially decreases on decreasing the

concentration (see Sect. 18.4.1). It follows that even a limited spiking of the blank
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with the analyte can significantly reduce the value of the standard deviation of the

measured signal with respect to the true σB, so as to obtain a somewhat

optimistic LOD.
Alternatively, it is possible replacing σB by the residual standard deviation of the

regression, sy/x, also known as standard error of the regression. This because a

fundamental assumption of OLS is that each point of the regression line, including

the point representing the blank, has a normally distributed y variation with a

standard deviation estimated by sy/x.
11 This is a convenient approach because sy/x

is already estimated in OLS calculations necessary to obtain the RR and, in this

way, no additional work is necessary.

All the abovementioned approaches cannot be applied in the case of

heteroscedastic systems.11 A paper was aimed at evaluating some approaches

useful for estimating LOD when data are characterized by a significant change of

precision with concentration.38

Of course, much reliable and/or less approximated approaches exist (see for

example references (6–8) and (30–38, 40–42)), but those above mentioned can be more

easily accepted by experimentalists, since they require very simple calculations.

18.3.1 About the Limit of Detection

The real meaning of the LOD needs some clarifying. It is quite evident that

repeating the measurements necessary for estimating an LOD would undoubtedly

return a more or less different value. This because any LOD is simply a point

estimate test statistic for the true LOD composite population parameter.31 More-

over, it is very probable that the real LOD distribution be skewed or abnormal,39 so

that estimating the LOD on the basis of a hypothetical normal distribution is

questionable. This potential limited reliability of LOD estimates justifies the use

of the abovementioned, heavily approximated approaches.

Because of these limitations, LOD estimates should always be completed by

detailed information about the relevant experimental condition (number of mea-

surements, matrix, selected approach, analytical method). This raises the question

of the comparability of LOD estimates with other values from different authors

(may be relevant to different sensors and/or experimental techniques/and or matri-

ces, approach, etc.). A really meaningful comparison should accurately take into

account any difference between experimental conditions and approaches.

The LOD allows only a binary decision, since it can state the presence/absence

of the analyte. Reasonably, a quantitative measurement can only be performed at

concentration levels somewhat higher than the LOD. The limit of quantification,

LOQ, is calculated as an arbitrary multiple of LOD. The most frequent choices are

those in which the multiplier of σB (or sB, sy/x) in Eqs. (18.6) and (18.7) is chosen

equal to 5, 6, or 10.1 Choosing the multiplier and reporting the LOQ is crucial, since

LOQ is the real lower limit of the linear range.
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18.4 Precision

Precision is the closeness of agreement between independent test results obtained

under stipulated conditions.1 Repeatability is the precision estimated by a single

analyst using a given equipment over a short time scale. Reproducibility is the

precision estimated by elaborating the results obtained by a number of laboratories

(for example in among-laboratories comparison). A third type of precision is

sometimes known as intermediate precision. In this last case, it is estimated in a

single laboratory but by different analysts, or over extended time scales.

Repeatability and reproducibility can be estimated by analyzing standards,

reference material, or fortified sample blanks at different concentration levels

across the working range. A minimum of ten independent repeats is necessary.1

Repeatability and reproducibility are usually presented as absolute standard devi-

ations (σR in the case of reproducibility and σr of repeatability) or relative standard
deviations (RSDR and RSDr) possibly evaluated at different concentration levels.

When reporting the relevant information, data should be accompanied by the

relevant concentration levels and number of repeats.

Reproducibility or repeatability can also be reported as repeatability or repro-

ducibility limits, r or R, respectively.1,43 They can be then obtained by the equations

r ¼ 2 �
ffiffiffi

2
p

� σr ¼ 2:8 � σr ð18:8Þ

and

R ¼ 2 �
ffiffiffi

2
p

� σr ¼ 2:8 � σR ð18:9Þ

R and r enable the experimentalist to decide whether the difference between

duplicate determinations of a test sample, under reproducibility or repeatability

conditions, is significant.1

18.4.1 Horwitz Equation

The reliability of repeatability and reproducibility RSD estimates can be tested

against values obtained by the Horwitz empirical equation.44–46 The equation

allows an a priori estimation of the RSD as a function of the analyte concentration

expressed as mass/mass units (e.g., as mass fraction: 1 mg/kg¼ 10�6, 1 μg/
kg¼ 10�9) whatever analyte, matrix, and method of measurement:

RSD ¼ �2 1�0:5�log Cð Þð Þ ð18:10Þ

Among-laboratories RSD (RSDR) values are expected to range within one-half to

twice the value predicted by Eq. (18.10). Within-laboratory RSD (RSDr) is expected
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to range within one-half to two-thirds of RSDR. The so-called Horwitz curves are

reported in Fig. 18.4. Owing to the technological progress in analytical measure-

ments, some corrections of the Horwitz equation may be convenient.47 Neverthe-

less, Eq. (18.10) it is still used, especially in the food analysis field, as a good

predictor of RSDR within the 10�8 to 10�1 mass fraction.47

In routine measurements, the Horwitz equation can be used to evaluate the

reliability of experimental standard deviations. Authors must never use the values

obtained by Eq. (18.10) in place of their experimental ones.

18.5 Trueness

This figure of merit is less frequently mentioned in papers relevant to the develop-

ment of EBs. Trueness is the closeness of agreement between the average value

obtained from a large set of test results and an accepted reference value.1 In the

simplest way, it can be estimated by analyzing suitable Certified Reference Mate-

rials, CRMs. In such a case, one can carry out an adequate series of measurements of

the CRM and then perform a simple t-test for the comparison of the experimental

mean with the certified value (see for example reference 11):

texp ¼ xmean � CCRMj j � ffiffiffiffi

N
p

s
ð18:11Þ

70

60

50

40

R
SD

30

20

10

0
0 2 4 6 8

-log(C)
10

22.6

7

Fig. 18.4 Horwitz curves:

RSD (─); RSDR¼ 2�RSD
(─); RSDr¼ 0.65�RSD
(─). At 10�7 concentration

levels (100 ppb level) RSD
and RSDr values are about

22.63 and 14.7 %

1146 E. Desimoni and B. Brunetti



where xmean and CCRM are the experimental mean relevant to the analysis of the

CRM and the certified value, respectively, N is the sample size, and s is the sample

standard deviation. If texp exceeds the critical two-tail t-value for N� 1 degrees of

freedom and the selected confidence level, P, then one can reject the hypothesis of

the absence of a difference between xmean and CCRM. Of course, tested CRM should

mimic as much as possible analyte concentration and matrix composition of the real

samples to be analyzed by the sensor.

An alternative way to estimate trueness is to analyze a series of test samples by

the method based on the developed sensor and by another method (preferably a

reference/validated method) based on different physical/chemical principles. This

because it is quite unlikely that the second method can suffer from the same

systematic errors. Method comparison must be performed by specific regression

techniques since, in its case, assumption (1) of the OLS method is not valid

anymore: both variables are affected by experimental errors (see Sect. 18.2.1) and

Model II regression methods are mandatory. The relevant literature information is

unexpectedly plentiful, since disciplines interested in such a kind of comparison

span from statistics to astronomy, geology, physics, chemistry, biology, allometry,

industrial pharmacology, and medicine (references (21–23) and (48–50) allow a first

overview on method comparison).

18.6 Uncertainty

Uncertainty of measurements, UOM, is rarely estimated when developing EBs. The

Guide to the Expression of Uncertainty in Measurements, GUM, defines uncer-

tainty as a parameter associated with the result of a measurement that characterizes

the dispersion of the values that could reasonably be attributed to the measurand.4

The GUM, accepted as the master reference on UOM throughout the testing

community, reports general rules for evaluating and expressing this figure of

merit. The most detailed guideline for UOM estimation according to the GUM is

the EURACHEM/CITAC Guide.51

According to the abovementioned references, UOM can be estimated, by the

so-called modelling approach or bottom-up approach as expanded uncertainty, U.
By a comprehensive mathematical model of the measurement procedure

1. Every uncertainty contribution identified along the whole analytical procedure is

associated with a dedicated input quantity, an uncertainty component, u(y).
2. All components evaluated individually are combined as variances. The result of

the calculation is the combined standard uncertainty, uc(y).
3. At last, the expanded uncertainty, U, is obtained by multiplying the total

uncertainty, estimated as combined standard uncertainty, uc(y), by the coverage

factor k:

U ¼ k � uc yð Þ ð18:12Þ
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Multiplying uc(y) by k allows associating a level of confidence to U.
Usually, k is set to 2 for providing the interval within which the value of the

measurand is believed to lie with a 95 % level of confidence. Such an approach can

be quite challenging since some contributions can be erroneously ignored or

unnecessarily duplicated.

Alternative approaches to uncertainty evaluation are currently considered, since

the GUM approach is often criticized as inapplicable to chemical systems.52 This

explains why alternative “empirical” approaches have recently raised attention.

They are based on whole-method performance investigations designed and

conducted so as to comprise the effects from as many relevant uncertainty sources

as possible. Such alternative approaches are fully compliant with the GUM, pro-

vided that the GUM principles are observed. Whatever approach is chosen, uncer-

tainty evaluation is a difficult task, prone to mistakes. Several studies have shown

that measurement uncertainty is often significantly underestimated.

Even a base introduction to the existing approaches is outside the aim of this

chapter. Interested reader can find all the necessary information in the

abovementioned references.

18.7 Selectivity

Selectivity is reported in almost any paper dealing with EBs. Selectivity is the

ability of a method to accurately determine the analyte of interest in the presence of

other components in a sample matrix under the stated conditions of the test.1

Attention is called at the difference between selectivity and specificity. In the

opinion of many, specificity indicates an absolute, ultimate selectivity (a quite

rare case).53,54 But agreement is not universal.

Selectivity can be estimated by analyzing test samples spiked with the suspected

interferents alongside with an unspiked portion of a test sample. The comparison of

the results allows evidencing if the presence of a given interferent enhances or

inhibits the detection and quantification of the analyte. When testing only one

interfering species, one could use the known t-test for comparing two experimental

means.9–11,19 When testing the influence of a larger number of interferents, so that it

is necessary comparing some means, the analysis of variance is more suitable.

When evaluating the performances of EBs, suspected interferents should be

added at concentration levels as close as possible to those in which they are present

in test samples. The evaluation of the effects of their presence should be done after

waiting for a suitable time, in order to allow their equilibration with the test sample.

Interferents potentially present in sample matrix, their concentration level, and the

chosen equilibration time should be properly mentioned within the selectivity

information.
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18.8 Recovery

Recovery is another figure of merit largely reported when describing the analytical

performances of EBs. Recovery is the proportion of the amount of analyte, present

in or added to the analytical portion of the test sample, which is extracted and

presented for measurement.1,55 When developing electrochemical sensors or bio-

sensors, recovery is usually estimated by spiking. This means that known amounts

of the analyte are added to the blank or to suitable CRM or, most frequently, to

ordinary test samples. Spiked samples are analyzed alongside an unspiked portion

of the test sample. The difference between these two results allows estimating the

recovered part of the added analyte, which can be compared with the known amount

added. This type of recovery estimate is called the “surrogate recovery.”55

In the most simple case, the percentage recovery, % R, is calculated as follows1:

%R ¼ CF � CU

CA
� 100 ð18:13Þ

where CF is the analyte concentration in the fortified sample, CU is the analyte

concentration in the unfortified sample, and CA is the analyte concentration (known,

not determined by method) added in the unfortified sample.

A main drawback of recovery tests is that the added analyte may not be in the

same physical/chemical status of that present in the unspiked test sample. If so, the

estimated recovery will tend to be higher than that of the native analyte (that present

in the test sample before spiking).1 This will lead to a negative bias in a corrected

analytical result.55

When examining the performances of a sensor, any recovery test should be

repeated at different times in order of ascertain if eventual time-dependent results

suggest that spikes are still equilibrating with the sample. So, when reporting this

figure of merit, it should be necessary reporting some information about the chosen

equilibration time.

Acceptable recovery estimates are a function of the analyte concentration and of

the purpose of the analysis. So recoveries more or less different from 100 % can

also be accepted (see for example reference (56)).

The use of recovery information to evaluate the reliability of analytical results is

controversial.55 In studies aimed at presenting new electrochemical sensors, recov-

ery is usually reported as an indicator of trueness. But recovery studies evidence

eventual bias due to factors affecting the detection of the added analyte, and these

factors do not necessarily affect to the same degree the analyte present in the

unspiked sample. It follows that while a good recovery is not a guarantee of

trueness, a poor recovery is certainly an indication of lack of trueness.
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Carbon monoxide, 735, 836, 1038, 1126–1128

Carbon nanotubes (CNTs)

multi-walled, 766, 784, 788, 802, 894, 895,

991, 1001

single walled, 765, 912, 1100, 1128

Carbon oxide, 1111–1131

Carbon paste electrodes (CPE), 788, 794, 797,

802, 813, 814, 835, 889–890, 893, 908,

918, 922, 931, 948–955

3-Carboxyphenylboronic acid, 1002

Carcinogens, 942, 946–949, 1023, 1024, 1088

Carrageenan, 910

Casting, 916, 1030–1032, 1035–1038

Catalyst, 743, 806, 808, 834, 995, 1005, 1037,

1078, 1079, 1121, 1126, 1127, 1129

Catalytic combustion sensors, 1126, 1128

Catechol, 799, 801, 894, 942, 948, 950,

953, 1004

Catecholamines, 771

Cat-floc, 910

Cathodic particle coulometry (CPC), 866–869,

899, 911, 918–922

Cathodic stripping voltammetry (CSV), 788,

802, 813, 831, 843, 849

Cation exchanger, 990

CCSA. See Constant current stripping analysis

(CCSA)

CCT. See Colloidal crystal templating (CCT)

Cefoperazone, 885

Cells, 720, 730–733, 735, 746, 752, 789, 799,

857, 886, 891, 897, 998, 999, 1007,

1075, 1078, 1079, 1085, 1113, 1114,

1117, 1129

electrochemical, 720

Cellulose, 908, 994, 995, 998, 1004, 1124

Ceramic, 738, 755, 758, 759, 889, 1001

Cerium, 797

Certified reference materials (CRMs),

786, 788, 802, 812, 813, 1146,

1147, 1149

Cetylpyridinium chloride (CPC), 866–869,

911, 912, 918–922

Cetyl trimethylammonium bromide (CTAB),

800–802, 805, 811, 813, 885, 895, 911,

912, 916, 919, 921, 943

CFA. See Continuous flow analysis (CFA)

Channel, 768, 954, 1026

Charge transfer resistance, 1026

ChE. See Cholinesterase (ChE)
Chelate, 792, 801, 802, 814

Chemical equilibrium, 810, 836, 842, 846

Chemically modified carbon electrode, 985

Chemically modified electrode (CME), 782,

803–806, 834, 844, 846, 850, 913,

1054, 1062

Chemical mediators, 1070

Chemical oxygen demand (COD),

719–725, 1095

Chemical sensor, 756, 1025, 1033, 1036

Chemical speciation, 841–851

Chemical vapor deposition (CVD), 722, 890,

891, 932, 1030, 1033, 1040

atmospheric pressure (APCVD), 1040

microwave plasma assisted, 722, 932

ultrahigh vacuum, 1040

Chemical warfare agents, 1005, 1024

Chemiresistor/FET, 1026, 1037, 1041

Chemiresistors, 1038

Chemisorption, 800, 803, 804

Chicken carcass wash water, 950

Chitosan, 910, 1002, 1003, 1097

Chlorella pyrenoidosa, 816

Chlorfenvinphos, 1000

Chlorinated phenols (CPs), 937–939, 941, 946,

947, 1034, 1036

Chlorine, 933, 1093

Chlorogenic acid, 941

Chloroguaiacol, 950

Chloroisopropylphenylcarbamate

(ClPC), 1004

4-Chloro-2-methylphenoxyacetic acid, 947

Chloroperoxidase, 950

2-Chlorophenol, 938

4-Chlorophenol, 934, 938

Chlorophenols (CPs), 938, 947, 950, 955, 1004

Chlorophenoxy herbicides, 947

(4-Chlorophenyl)borate, 915

Chlorotetracycline, 886

Chlorpyrifos, 953, 954, 988, 997, 999, 1003

Choline (Ch), 985, 987, 990–992, 994, 995,

1000, 1009

Cholinesterase (ChE), 923, 984–1003, 1010

Chromate, 800, 846, 849
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Chromatography (CG), 849, 857, 883, 894,

895, 905, 951, 966, 982, 983, 988, 995,

1070, 1092, 1094, 1095

Chromium, 796, 807, 846, 849, 1008

Chronoamperometric, 746, 870, 941, 947, 1006

Chronoamperometry, 741, 831, 1034, 1082

Chronopotentiometry (CP), 1093

Chrysene, 831, 943

Cis-platinum, 809

CityTech, 1050

Clark electrode, 736, 986

Clark, L., 736–737, 741, 745, 986, 995,

1008, 1074

Clay, 850, 862, 893

Clay colloids, 862

Clofibric acid, 947, 952, 954

CMC. See Critical micelle concentration

(CMC)

CME. See Chemically modified electrode

(CME)

CNTs. See Carbon nanotubes (CNTs)

Coated wire electrode (CWE), 914, 915

Coating, 720, 732, 752, 765–766, 795, 804,

906, 974, 989, 1004, 1010, 1027, 1030,

1031, 1034, 1037, 1039, 1101, 1128

Cobalt oxide, 724

Cobalt phthalocyanine, 831, 951, 993

COD. See Chemical oxygen demand (COD)

Colloidal, 844, 849, 857, 859, 861, 869, 874

Colorimetry, 982

Combination pH electrodes, 752

Combustibles, 1118

Combustion, 726, 1096, 1126–1128

Complex, 722, 757, 758, 772, 781, 793, 795,

796, 798–802, 804, 807, 811–813,

815–817, 841, 843–846, 850, 856,

883, 889, 894, 896, 907, 909, 911,

912, 914, 918, 922, 941, 945, 982,

998, 1008, 1024, 1025, 1036, 1047,

1054, 1057, 1120

labile, 845

non-labile, 845

Complexation, 787, 803, 843, 910

Composites, 892, 894, 896, 974, 975, 1002,

1036, 1070, 1088–1102

Concanavalin A (Con A), 997

Concentration profile, 859

Conducting polymer (CP), 896, 1030,

1033–1036, 1039, 1086–1088

Conductivity, 742, 754, 757, 766, 767, 829,

856, 862, 887, 888, 917, 932, 973, 998,

1001, 1033, 1037, 1086, 1088, 1096,

1112–1114, 1129

Conductometric sensors, 767

Conductometry, 831

Confocal laser scanning microscopy

(CLSM), 731

Constant current stripping analysis (CCSA),

782, 784, 787, 788, 799, 802, 803,

807, 810, 812, 813, 830, 831, 843

Constant phase element (CPE), 785, 786,

788, 802, 805, 807, 810, 811, 813,

831, 834, 835, 844, 849, 889, 890,

893, 922, 948–954

Continuous flow analysis (CFA), 723

Conventional electrode, 1001, 1097

Copper, 723, 725, 755, 757, 763, 781,

790–793, 856, 862, 864, 873, 886,

1000, 1004, 1040, 1091, 1100

Copper metallic nanoparticles, 856

Copper oxide (CuO), 757, 762, 763, 1119,

1121–1123, 1129, 1130

Copper oxide nanowire, 763

CoTSPc. See Cobalt tetrasulphonate
phthalocyanine (CoTSPc)

Coulometry, 726, 864, 865

Coumaphos, 1005

Counter electrode, 745, 746, 1003, 1035,

1050, 1097

Covalent

attachment, 740, 997, 1039

binding, 1039

CP. See Chronopotentiometry (CP)

CPE. See Carbon paste electrodes (CPE)

Cremer, M., 752

Critical micelle concentration (CMC), 912

CRMs. See Certified reference materials

(CRMs)

Crosslinking, 731, 942, 988, 993, 1001, 1006

Crown ethers, 913

Crystal violet, 909

CSV. See Cathodic stripping voltammetry

(CSV)

CTAB. See Cetyltrimethylammonium bromide

(CTAB)

Cupferron, 800, 807, 813

CVD. See Chemical vapor deposition (CVD)

CWE. See Coated wire electrode (CWE)

Cyanazine, 954

Cyanide, 808, 832, 836

Cyclam, 914

Cyclic voltammetry, 725, 831, 943, 965,

1000, 1034, 1080–1084, 1092

Cyclodextrins (CDs), 857, 886, 892,

913, 949

Cyclones, 886
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Cyclotrimethylenetrinitramine (RDX), 967,

974, 1024

Cylindrical, 1035, 1036

Cysteamine, 997

Cysteine, 788, 791, 849, 874, 892, 922

D
DBS. See Dodecylbenzene sulphonate (DBS)
Deconvolution, 868, 939

Decylbenzene sulfonate, 910, 911,

915–917, 921

Defects, 756, 757, 759, 829, 882, 933, 982,

1039

Demeton-S, 1006

Deodorants, 896

Deoxyribonucleic acid (DNA), 857

damage, 882

Deposition

electrochemical, 723, 724, 843, 1039

electrolytic, 782, 787, 788, 790, 798, 800,

809, 812, 817

Detection

amperometric, 808, 831, 937, 943, 948,

951, 954, 955, 966, 973, 975, 1007,

1091, 1094

limit, 815, 885–896, 910, 913, 914, 916,

917, 939–946, 948, 950, 951, 954,

955, 973–975, 988–990, 995,

998–1001, 1003, 1004, 1006,

1009, 1049, 1062–1064, 1086,

1087, 1092, 1093, 1096, 1097,

1100, 1101, 1142

Detergents, 905, 906, 911, 912, 915, 917,

921, 923

DGT. See Diffusive gradients in thin films

(DGT)

Di-alkyl sulfosuccinate, 906

Diamond, 722–723, 782, 788, 802, 831, 835,

860, 882, 890–891, 931–937, 973, 1070,

1073, 1074, 1091, 1093, 1094

Diaphorase, 1005

Diazinon, 1000, 1004, 1008

Diazonium salt, 771

Dibutylphthalate, 911

Dichlorophenol, 938, 951, 965, 967–972

2,4-Dichlorophenols (2,4-DCP), 938, 939, 951

2,2-Dichlorovinyl-dimethylphosphate, 990

Dichlorvos, 993, 999, 1002, 1003

Dichromate, 719

Diclofenac, 889, 952

Dielectrophoresis, 1037

Diethylstilbestrol, 951, 953

Differential pulse voltammetry (DPV), 741,

782, 786, 788, 800, 802, 813, 828, 829,

831, 857, 858, 887–891, 895, 896, 922,

934–936, 940, 945, 949, 951–953, 967,

968, 970

Diffusion, 736, 743, 744, 758, 761, 764, 860,

869–873, 944, 947, 997, 1040, 1050,

1051, 1074–1076

coefficient, 869–871, 1076

layer, 860, 1074, 1075

layer thicknesses, 1074

Diffusive gradients in thin films (DGT), 850

Digestion, wet, 793, 796

Dihydroxybenzene, 894

Diisobutylphenoxyethoxyethyl-(dimethyl)

benzylammonium chloride

(DIPEBC), 921

Diisooctyl phthalate, 913

2-(Diisopropylamino) ethanethiol, 1006

Diisopropyl fluorophosphates, 989

Dimensionally stable anode (DSA), 722

Dimethylglyoxime, 797, 802, 921

Dimethylglyoxime, nickel complex, 921

1,1-Dimethylhydrazine, 951

2,4-Dimethylphenol, 938

Dinitrobenzene, 972, 973

4,6-Dinitro-o-cresol, 938

2,4-Dinitrophenol, 935, 938, 940

2,4-Dinitrophenyloctyl ether, 915

Dinitrotoluene, 974

2,4-Dinitrotoluene, 950, 967, 973, 975

Dinonylnaphthalene sulfonic acid, 915

Dinoseb, 954

Dinoterb, 953, 954

Dioctyloctadecylamine, 989

Dioctylphthalate (DOP), 910, 911, 916

Dioxon, 991

Dip-coating, 1030, 1101

Dipicrylaminate, 990

Dip-pen lithography, 1035

Dipyrone, 886, 951, 952

Direct potentiometry, 790

Disc electrode, 720–721, 723, 788, 791, 793,

813, 833, 863, 869, 975, 1093

Disinfectant, 808, 869, 870, 874, 911, 912,

922, 949

Disinfection, electrochemical, 932

Dispersant, 906

Disposable electrodes, 919

Disposable sensor, 919, 991, 999–1001

Dissociation constant, 846

Dissolved oxygen (DO), 735–746, 830, 890,

923, 950, 1008
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DL-alpha-tocopherol, 893

DME. See Dropping mercury electrode (DME)

DNA. See Deoxyribonucleic acid (DNA)

DO. See Dissolved oxygen (DO)

Dodecylbenzene sulphonate (DBS), 910, 911,

915–917, 921, 1008

Dodecyl sulphate (DS), 1086

Dodecyltrimethylammonium-reineckate

(DTA-RN), 917

Domperidone, 895

Dopamine, 772, 886, 890, 893, 1092, 1098

Doping, 721, 757, 760, 765, 768, 892, 932, 933,

1031, 1033, 1034, 1039, 1086

Doxazosin, 893

DPV. See Differential pulse voltammetry

(DPV)

Drain-source current, 738

Drinking water, 810, 828, 830, 856, 884, 886,

935, 938, 939, 942–947, 953

Dropping mercury electrode (DME), 782, 789,

918, 921, 965

Drosophila melanogaster, 770, 996
Drugs, 735, 881, 883, 885, 886, 889–892, 897,

938, 985

DS. See Dodecyl sulphate (DS)
DSA. See Dimensionally stable anode (DSA)

Dynamic electrochemistry, 1070

Dynamic light scattering (DLS), 857, 868

E
ECE mechanism, 948

Echothiophate, 989

ECL. See Electrochemiluminiscence (ECL)

EC mechanism, 1092

Edge plane pyrolytic graphite (EPPG), 888,

889, 892, 1070, 1073, 1074

EDTA, 786, 792, 810, 811

EGFET. See Field-effect transistor extended
gate (EGFET)

EIS. See Electrochemical impedance

spectroscopy (EIS)

Electrical conductivity, 742, 856, 888,

1001, 1037

Electric eel, 996, 999, 1000

Electroanalysis, 782, 789, 792–796,

805–807, 834–836, 841–851, 884,

887, 890, 932, 933, 938, 943, 944,

946, 955, 1070, 1078

Electrocatalysis, 790, 806, 815, 892, 1078

Electro-catalysts, 1077–1080, 1082, 1084,

1086, 1088, 1091, 1092, 1097

Electrochemical

cell, 720

methods, 807–808, 832, 836, 856, 857, 874,

949, 950, 985, 1033, 1070

sensing, 742, 950, 1052–1060, 1069,

1070, 1074

sensors, 733, 742, 752, 889, 905, 923, 932,

955, 966, 973, 975, 1001, 1026, 1029,

1041, 1047, 1049–1057, 1060–1064,

1096, 1097, 1101, 1126, 1137–1149

Electrochemical detection (ED), 721, 782,

789, 803, 954, 966, 974, 998,

1049–1051, 1089

Electrochemical gas sensors, 1069, 1095

Electrochemical stripping analysis (ESA), 789,

790, 792, 793, 803, 815, 849

Electrochemiluminescence (ECL), 836, 1072

Electrode

chemically modified, 782, 803, 844, 846,

850, 913, 1054, 1062

liquid membrane, 908–910, 990

macroporous, 1034

metallic, 755, 770, 789, 793, 846,

886–887, 893

modified, 721–723, 725, 739–745, 761,

782, 803, 805, 844, 884, 890, 892, 913,

949, 965, 973, 1002, 1070, 1091, 1093,

1101, 1139

position, 886, 1036, 1080–1082, 1097

potential, 752, 753, 858–860, 917, 991

solid contact, 908, 914–918

Electrokinetic chromatography (EKC), 951

Electrolytical deposition, 782

Electromotive force (EMF), 1111

Electron

transfer, 730, 733, 739, 740, 743, 744, 771,

789, 832, 860, 872, 873, 887, 938, 948,

992, 995, 1001–1003, 1070, 1089, 1091

transfer kinetic, 873, 887

Electronic noses, 1025

Electronic tongue, 916

Electrooxidation, 933, 938, 941, 944, 987, 1001

Electrophoretic, 942, 954, 955, 975,

1036–1038

Electrophorus electricus. See electric eel
Electropolymerization, 723, 739, 742, 743,

895, 1034, 1035, 1088, 1099

Electrospinning, 1035, 1088

Embryonary defects, 882

Emerging contaminants, 855–874, 882, 883,

894, 897

Emerging pollutants, 894
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EMF. See Electromotive force (EMF)

Endocrine disrupting

effect, 982, 983

estrogens, 894

Endocrine disrupting compounds (EDCs), 895,

941, 1097

Endocrine disruptors, 894, 895, 941, 950,

982, 983

Ensemble, 974

Entrapment, 730, 804, 988, 997, 1008

Environment, 735, 736, 738, 743, 752, 765,

766, 770, 772, 796, 797, 809, 827, 832,

836, 841, 855–856, 869, 881–883, 905,

906, 938, 942–944, 947–951, 954, 981,

1005, 1011, 1023, 1024, 1026, 1037,

1041, 1057, 1063, 1079

Environmental

nanoparticles, 855–857, 874

protection, 856, 937, 1069

specimen bank, 845

Enzyme, 730, 790, 829, 834, 844, 896, 923,

942, 948, 949, 982–990, 992–1011,

1094–1096

activity, 948, 984, 985, 987, 989–991,

997, 1011

immobilization, 996–997, 1000

Enzyme-based biosensor, 987, 1009

Epinephrine, 886, 1098

ESA. See Electrochemical stripping

analysis (ESA)

Escherichia coli, 923, 936, 937, 948, 1008
Estradiol, 895, 950, 953

Estrogen receptor, 982

Estrogens, 883, 894, 895, 941, 950, 953, 982

Etchants, 1035

Ethanol, 922, 953, 967–972, 1010, 1011, 1023,

1024, 1029–1031, 1036, 1095

Ethinyle-estradiol, 885

Ethylbenzene, 1023, 1024, 1029

Ethylene oxide, 906, 907

4-Ethylnitrobenzene, 908

Explosives, 832, 834, 965–975

nitrated, 966, 973–975

Extraction

liquid-liquid, 883, 949, 1093

solid phase, 940, 973

Soxhlet, 939

F
Fast Blue RR (FBRR), 771, 772

Fatty acid, 906

Fenamiphos, 936, 945, 946

Ferricyanide, 730, 923

Ferrocene, 922, 951, 995

11-Ferrocenyltrimethylundecyl ammonium

ion, 922

FET. See Field effect transistor (FET)

FIA. See Flow injection analysis (FIA)

Field effect transistor (FET)

extended gate (EGFET), 765

metal insulator semiconductor (MISFET),

737, 738

sensors, 1026

Field-effect transistor extended gate

(EGFET), 765

Film electrode, 788, 789, 792, 793, 795,

802, 973

Films, 722, 731, 737, 755, 782, 788, 843,

887, 906, 931, 966, 989, 1026,

1080, 1120

Filtration, 845, 849, 897

Fingerprint, 857, 861, 983

Flame ionization, 1025

Flow injection analysis (FIA), 721–723,

787, 791, 799, 802, 807, 810,

812, 813, 830, 831, 884, 886,

889, 891, 911, 916, 917, 932, 942,

945, 950–955, 975, 991, 998–999,

1094

Flow system, 732, 905, 921, 950, 998

Fluoranthene,943, 945

Fluoren-9-ol, 949

Fluoride, 721, 832, 836, 1008

Fluorine, 1006

Fluoroborate, 918, 921

Fluorophosphates, 989

Flutamide, 889

Flux, 870, 871, 897, 1051, 1062

Foaming agent, 906

Folic acid, 887, 893

Food, 827, 832, 881, 886, 897, 906, 941,

947, 954, 982, 983, 1009, 1069,

1091, 1093, 1096, 1146

Food-processing, 938, 941, 982, 1069

Formaldehyde, 815, 1023, 1024, 1027,

1030, 1032, 1040

Fouling, 891, 932, 938, 945–947, 955, 993,

1006, 1009, 1094

Fresh water, 801

Fuel cell, 732, 1069, 1078, 1079, 1085

Fullerenes, 856, 891–892, 894, 895

Fulvic acids (FA), 843, 846

Fumaroles, 1052–1055, 1057, 1060, 1061

Fumarolic emission, 1053–1055

Fungicides, 946, 981, 1005
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G
β-Galactosidase, 937, 948
Gallic acid, 941

Gallium, 755

Galvanostatic electrodeposition, 1080–1082

Gas chromatography (GC), 883, 895, 966,

988, 995

Gas-permeable membrane, 1074

Gas sensing, 1052, 1070, 1076, 1111,

1127, 1129

Gas sensor, amperometric, 1075

Gas sensors, 944, 1036, 1037, 1060, 1069,

1074, 1075, 1091, 1095, 1097,

1111–1113, 1118, 1123, 1129

GC. See Gas chromatography (GC)

GCE. See Glassy carbon electrode (GCE)

Gel, 730, 731, 754, 756, 850, 997, 999, 1007,

1008, 1027, 1123

Geochemical cycle, 796

Gibb’s free energy, 1122
Glass

electrodes, 752–754, 763, 770, 858

membrane, 752, 754

Glassy carbon (GC), 723, 740, 783, 785, 788,

802, 809, 883, 891, 894, 895, 938, 946,

982, 988, 1025, 1070, 1073, 1077, 1093

Glassy carbon electrode (GCE), 723, 731, 783,

784, 787, 799, 800, 802, 807, 811–813,

829, 888, 891, 892, 965, 968, 970–972,

1001, 1002, 1089, 1090

Glassy carbon electrode, activated, 723–724

Glucose, 913

Glucose oxidase (GOD), 1003, 1004, 1008

Glucose-6-phosphate, 1003

Glutaraldehyde, 942, 988, 989, 993, 994, 1005

Gold

nanoparticles, 856, 865, 866, 872, 892,

902, 1098

nanospheres, 1003

Graphene, 768–769, 891, 892, 895, 975, 1002,

1027, 1032, 1034, 1039–1040, 1070,

1089, 1091, 1098, 1101

Graphene oxide (GO), 892, 974, 1002, 1040,

1089, 1091

Graphite, 733, 740, 766, 860, 889, 892, 894,

914, 916, 918, 919, 986, 988, 1004,

1040, 1070, 1081, 1085, 1089,

1091, 1098

Graphite electrode, 740, 860, 888, 892, 922,

990, 993, 1070, 1074, 1096, 1098

Graphite, pyrolytic, 809, 831, 860, 888, 889,

892, 1040, 1070, 1073, 1074, 1098

Green element, 809

Greenhouse effect, 1111

Griseofulvin, 885

Guaiacol, 950

Guanine, 974

H
Haber, F., 752

Haloperidol, 885

Hanging mercury drop electrode (HMDE),
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o-Phenylenediamine, 1000, 1099

Optical CO2 sensors, 1124

Orange II, 922

Organic-inorganic hybrid material, 730, 732

Organic ligand, 844, 845, 850

Organic nanoparticles, 868

Organic pollutants, 719–723, 725, 856, 883,

947–948

Organoarsenic compounds, 846

Organochlorine compounds, 1003

Organophosphate hydrolase (OPH), 999,

1005–1008, 1010

Organophosphate nerve agents, 950

Organophosphates, 950, 953, 982, 984,

985, 990, 991, 993, 995, 999–1001,

1003, 1005–1007, 1010, 1024

Organophosphorus, 940, 945–947, 982,

983, 988, 991, 994, 998–1000,

1002–1008, 1010, 1011, 1024

Organophosphorus hydrolase (OPH),

983, 1005–1008, 1010

Organophosphorus pesticide, 938, 945–947,

988, 991, 996, 998–1000, 1002, 1007,

1008, 1011

Organosilicas, nanoporous, 974

Organostannic compound, 846

Orion, 921

Osmium, 755, 808, 816, 1096

o-Tetrachlorobenzoquinone, 939
Overall paraben index, 941

Oxalic acid, 801, 936, 941

Oxidation state, 763, 846–850

Oxide ion, 1130

Oxides, 861, 1033, 1077, 1113, 1121

Oxygen
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