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and Piotr Szefer

Ion-Pair Chromatography and Related Techniques, Teresa Cecchi

Grady Hanrahan

Electroanalysis with Carbon Paste Electrodes, Ivan Švancara, Kurt Kalcher, Alain Walcarius
       and Karel Vytras  



CRC Press is an imprint of the
Taylor & Francis Group, an informa business

Boca Raton   London   New York

Fea tur i ng  a  spec i a l  Foreword  by  THEODORE  KUWANA

Ivan  Švancara  •  Kur t  Ka l cher  •  A l a i n  Wa lcar i us  •  Kare l  Vy t ras

ANALYTICAL CHEMISTRY SERIES



Image on the front cover of the book is a historical photo illustrating the detail of the very first prototype of carbon paste 
holder machined in workshops at the University of Pardubice in the mid-1980s. It should be noted that the extrusion of 
carbon paste from the body had been arranged just to show the presence of paste and its consistency.

CRC Press
Taylor & Francis Group
6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2012 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Version Date: 20111209

International Standard Book Number-13: 978-1-4398-3020-8 (eBook - PDF)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been 
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the valid-
ity of all materials or the consequences of their use. The authors and publishers have attempted to trace the copyright 
holders of all material reproduced in this publication and apologize to copyright holders if permission to publish in this 
form has not been obtained. If any copyright material has not been acknowledged please write and let us know so we may 
rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or uti-
lized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopy-
ing, microfilming, and recording, or in any information storage or retrieval system, without written permission from the 
publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://
www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923, 
978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users. For 
organizations that have been granted a photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for 
identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



v

Contents
Foreword ...........................................................................................................................................xi
Preface..............................................................................................................................................xv
Acknowledgments ..........................................................................................................................xvii

Chapter 1 Introduction to Electrochemistry and Electroanalysis with Carbon 
Paste– Based Electrodes................................................................................................1

1.1 Historical Survey and Glossary .........................................................................1
1.1.1 1958: The Very First Report on Carbon Paste Electrodes ...................2
1.1.2 1959–1963: Proposals of Carbon Pastes, Their Characterization, 

and Initial Applications ........................................................................2
1.1.3 1964, 1965: First Modi�cations of Carbon Pastes ...............................2
1.1.4 1965–1975: Expansion of Carbon Paste Electrodes 

in Electrochemical Laboratories ..........................................................3
1.1.5 1976–1980: Pioneering Chemical Modi�cations of Carbon Paste .............3
1.1.6 1981–1988: Era of Chemically Modi�ed Carbon Paste Electrodes ..............4
1.1.7 1988–1995: Worldwide Spread of Carbon Pastes with Enzymes 

as a Novel Type of Biosensor ...............................................................5
1.1.8 1996–2000: Starting Competition of Traditional Carbon Pastes 

with Screen-Printed Sensors and Other Carbon Composites ..............5
1.1.9 2000–2001: Carbon Pastes and New Technologies .............................6
1.1.10 2002–2003: Carbon Pastes Follow the Concept of Green Chemistry ... 7
1.1.11 2003–2010: Brand New Carbon Pastes and Their Immediate 

Success .............................................................................................7
1.2 Field in Publication Activities and Literature ...................................................9

Chapter 2 Carbon Pastes and Carbon Paste Electrodes .............................................................. 11

2.1 Carbon Paste as a Binary Mixture .................................................................. 11
2.1.1 De�nitions of Carbon Paste ............................................................... 11
2.1.2 Carbon Powder/Graphite .................................................................... 12

2.1.2.1 Spectroscopic (Spectral) Graphite ...................................... 12
2.1.2.2 Other Carbonaceous Materials ........................................... 13
2.1.2.3 New Forms of Carbon ........................................................ 14

2.1.3 Pasting Liquid/Binder ........................................................................ 16
2.1.3.1 Paraf�n (Mineral) Oils ....................................................... 17
2.1.3.2 Aliphatic and Aromatic Hydrocarbons ............................... 18
2.1.3.3 Silicone Oils and Greases ................................................... 18
2.1.3.4 Halogenated Hydrocarbons and Similar Derivatives ......... 19
2.1.3.5 Other Pasting Liquids and Mixed Binders ......................... 19
2.1.3.6 New Types of Carbon Paste Binders ..................................20

2.1.4 Mixing and Preparation of Carbon Pastes .........................................20
2.1.4.1 Carbon-to-Pasting Liquid Ratio .........................................20

2.1.5 Handling and Storage of Carbon Pastes .............................................22
2.2 Classi�cation of Carbon Pastes and Carbon Paste Electrodes ........................23

2.2.1 Traditional Types of Carbon Paste–Based Electrodes .......................23



vi Contents

2.2.2 Special Types of Carbon Paste–Based Electrodes .............................26
2.2.2.1 Carbon Paste Electroactive Electrodes ...............................26
2.2.2.2 “Solid,” “Solid-like,” and “Pseudo” Carbon Paste 

Electrodes ...........................................................................26
2.2.3 New Types of Carbon Paste Electrodes .............................................27

2.2.3.1 Diamond as the Electrode Material and Diamond 
Paste Electrodes ..................................................................28

2.2.3.2 Carbon Paste Electrodes and Carbon Nanotubes ...............29
2.2.3.3 Carbon Paste Electrodes and Ionic Liquids ........................ 32

2.3 Construction of Carbon Paste Holders ............................................................ 35
2.3.1 Tubings and Rods (Plugs) with Hollow Ends .....................................36

2.3.1.1 Rotated Disc Electrodes for Hydrodynamic 
Measurements ..................................................................... 38

2.3.2 Piston-Driven Electrode Holders........................................................ 38
2.3.3 Commercially Available Carbon Paste Electrode Bodies ..................40
2.3.4 Carbon Paste–Based Detectors ..........................................................40
2.3.5 Planar Constructions of Carbon Paste Electrodes.............................. 42
2.3.6 Miniaturized Variants of Carbon Paste Electrodes ........................... 43
2.3.7 Special Constructions of CPEs........................................................... 45

Chapter 3 Carbon Paste as an Electrode Material ...................................................................... 49

3.1 Physicochemical Properties of Carbon Pastes ................................................ 49
3.1.1 Microstructure of Carbon Pastes ........................................................ 49
3.1.2 Ohmic Resistance ............................................................................... 51
3.1.3 Instability of Carbon Pastes in Organic Solvents ............................... 52
3.1.4 Aging of Carbon Pastes ...................................................................... 52
3.1.5 Hydrophobicity of Carbon Pastes ....................................................... 52

3.2 Electrochemical Characteristics of Carbon Pastes .......................................... 52
3.2.1 Very Low Background ....................................................................... 52
3.2.2 Individual Polarizability of Carbon Pastes ........................................ 53
3.2.3 Speci�c Reaction Kinetics at Carbon Pastes...................................... 56

3.3 Testing of Unmodi�ed CPEs ........................................................................... 59
3.4 Interactions at Carbon Pastes .......................................................................... 62

3.4.1 Interactions at the Carbon Paste Surface ........................................... 63
3.4.1.1 Electrode Reactions with Charge Transfer 

(Electrolytic Processes) ...................................................... 63
3.4.1.2 Adsorption and Related Electrode Reactions 

of Nonelectrolytic Character............................................... 63
3.4.1.3 Ion Exchange and Ion-Pair Formation ................................64
3.4.1.4 Electrocatalysis-Assisted Detection ...................................65
3.4.1.5 Synergistic Processes and Interactions ...............................66

3.4.2 Interactions in Carbon Paste Bulk ......................................................68
3.4.2.1 Extraction and Reextraction ...............................................69
3.4.2.2 Chemical Equilibria in the Bulk 

and Transport Models ................................................. 70

Chapter 4 Chemically Modi�ed Carbon Paste Electrodes ......................................................... 73

4.1 Classi�cations of Chemical Modi�cation ....................................................... 73
4.1.1 Intrinsic Modi�cation ......................................................................... 74



viiContents

4.1.2 Extrinsic Modi�cation ........................................................................ 74
4.1.2.1 Surface Modi�cation .......................................................... 74
4.1.2.2 Bulk Modi�cation ............................................................... 76

4.2 Reasons and Strategies for Modi�cation ......................................................... 76
4.2.1 Criteria Required for Modi�ers.......................................................... 76
4.2.2 Activation and Restoration of the Modi�er ........................................77
4.2.3 Immobilization and Preconcentration: Concepts and Strategies .......77
4.2.4 Electrocatalysis................................................................................... 78
4.2.5 Other Purposes for Modi�cation ........................................................ 81

4.3 Types of Chemical Modi�ers .......................................................................... 81
4.3.1 Inorganic Materials ............................................................................ 82

4.3.1.1 Prussian-Blue Derivatives and Polyoxometallates .............. 82
4.3.1.2 Clays and Zeolite-Based Molecular Sieves ........................ 83
4.3.1.3 Metal Oxides and Sol-Gel-Derived 

Inorganic Materials ...................................................... 86
4.3.1.4 Other Inorganic Modi�ers ..................................................87

4.3.2 Organic and Organometallic Compounds .......................................... 89
4.3.2.1 Organic Ligands ................................................................. 89
4.3.2.2 Organic Catalysts ................................................................ 91
4.3.2.3 Organometallic Complexes ................................................95
4.3.2.4 Surfactants, Amphiphilic and Lipophilic Modi�ers ..........97
4.3.2.5 Organic Polymers and Macromolecules .............................98

4.3.3 Other Possibilities and Recent Approaches to Chemical 
Modi�cation ..................................................................................... 100
4.3.3.1 Organic–Inorganic Hybrid Materials ............................... 100
4.3.3.2 Nanomaterials ................................................................... 101
4.3.3.3 Surface Treatments and Alterations ................................. 103

4.4 Modeling and Testing of Chemically Modi�ed CPEs .................................. 104
4.4.1 Basic Procedures and Speci�cs ........................................................ 104
4.4.2 Chemically Modi�ed CPEs versus Bare CPEs ................................ 105

4.4.2.1 Sorption Processes at the Bare (Unmodi�ed) 
Carbon Pastes ................................................................... 105

4.4.2.2 Chemically Modi�ed CPEs .............................................. 106

Chapter 5 Biologically Modi�ed Carbon Paste Electrodes ...................................................... 109

5.1 Biosensors and Electrodes for Biological Analysis ....................................... 109
5.2 Modi�ers and Working Principles ................................................................ 110

5.2.1 Electrocatalysis and Mediation ........................................................ 110
5.2.2 Enzymes ........................................................................................... 111

5.2.2.1 Oxidases............................................................................ 112
5.2.2.2 Dehydrogenases ................................................................ 116
5.2.2.3 Hydrolases ........................................................................ 117
5.2.2.4 Auxiliary Enzymes ........................................................... 117
5.2.2.5 Enzyme Kinetics ............................................................... 118

5.2.3 Nucleic Acids.................................................................................... 118
5.2.4 Immunosensors ................................................................................ 120
5.2.5 Tissues and Cells .............................................................................. 120
5.2.6 Other Biomolecules .......................................................................... 121

5.3 Modi�cation Strategies (for Biosensors) ....................................................... 121



viii Contents

Chapter 6 Instrumental Measurements with Carbon Paste Electrodes, Sensors, 
and Detectors ....................................................................................................... 123

6.1  Electrochemical Techniques: Fundamentals and Basic Principles ............... 123
6.1.1 Double Layer Concept and Capacitive Current ................................ 123
6.1.2 Mass Transport .................................................................................124
6.1.3 Faradic Processes ............................................................................. 125
6.1.4 Diffusion Layer ................................................................................ 127

6.1.4.1 Diffusion Coef�cients ....................................................... 127
6.1.4.2 Macrosized Stationary Electrodes .................................... 127
6.1.4.3 Rotating Disk Electrodes .................................................. 128
6.1.4.4 Microelectrodes ................................................................ 129

6.2 Voltammetry .................................................................................................. 130
6.2.1 Direct Voltammetry ......................................................................... 130

6.2.1.1 Voltammetry at Slow Scan Rates ..................................... 130
6.2.1.2 Voltammetry at Faster Scan Rates .................................... 131

6.2.2 Stripping Voltammetry ..................................................................... 133
6.3 Amperometry ................................................................................................ 134
6.4 Potentiometry ................................................................................................ 135

6.4.1 Direct Potentiometry and Potentiometric Titrations ........................ 135
6.4.2 Chronopotentiometry and Stripping Chronopotentiometry ............. 143

6.5 Nonelectrochemical Techniques .................................................................... 147
6.5.1 Microscopic Observations ................................................................ 147
6.5.2 Other Physicochemical Techniques for Special 

Characterizations .......................................................................149

Chapter 7 Electrochemical Investigation with Carbon Paste Electrodes and Sensors ............. 151

7.1 Studies on Electrode Reactions and Mechanisms of Organic 
Compounds in the Early Era of Carbon Pastes ............................................. 151
7.1.1 Historical Circumstances ................................................................. 151
7.1.2 Adams’s Investigation of Aromatic Compounds .............................. 153
7.1.3 Adams’s Legacy ............................................................................... 158

7.2 Electrochemistry of Solids ............................................................................ 158
7.2.1 Historical Introduction ..................................................................... 158
7.2.2 Main Principles, Con�gurations, Possibilities, and Limitations ...... 159
7.2.3 Survey of Practical Applications ...................................................... 161

7.3 Electrochemistry in Vivo ............................................................................... 162
7.3.1 Rise of the Field and Its Position ...................................................... 162
7.3.2 Basic Characterization of in Vivo Measurements ............................ 163
7.3.3 Survey of Applications and Some Prospects .................................... 165

7.4 Special Studies with Carbon Pastes .............................................................. 165
7.4.1 Role of Minor Research ................................................................... 165
7.4.2 Selected Themes across the Field ..................................................... 166

7.4.2.1 Carbon Pastes as Substrates for Electropolymerized 
Films ................................................................................. 166

7.4.2.2 Carbon Pastes as Electronic Tongues ............................... 166
7.4.2.3 Carbon Pastes as CPEEs for Electrochemical 

Characterization of New Electrocatalysts ........................ 167
7.4.2.4 Carbon Pastes in Industrial Use........................................ 167

7.4.3 Further Examples ............................................................................. 168



ixContents

Chapter 8 Electroanalysis with Carbon Paste–Based Electrodes, Sensors, and Detectors ...... 169

8.1  Determination of Inorganic Ions, Complex Species, and Molecules ............ 170
8.1.1 Noble Metals .................................................................................... 171
8.1.2 Heavy Metals .................................................................................... 172
8.1.3 Metalloids ......................................................................................... 175
8.1.4 Metals of the Iron, Manganese, Chromium, 

and Vanadium Groups......................................................................175
8.1.5 Platinum Metals and Uranium ......................................................... 178
8.1.6 Metals of the Fourth and Third Groups, Metals of Rare Earths...... 179
8.1.7 Metals of Alkaline Earths and Alkaline Metals .............................. 180
8.1.8 Non-Metallic Ions, Complexes, and Neutral Molecules .................. 181
8.1.9 Concluding Remarks ........................................................................ 184

8.2  Determination of Organic Substances and Environmental Pollutants .......... 185
8.3 Pharmaceutical and Clinical Analysis .......................................................... 188
8.4 Determination of Biologically Important Compounds ................................. 191

8.4.1 Alcohols............................................................................................ 192
8.4.2 Aldehydes, Ketones, and Acids ........................................................ 193
8.4.3 Amino Compounds .......................................................................... 194

8.4.3.1 Amides and Amines ......................................................... 194
8.4.3.2 Amino Acids ..................................................................... 194

8.4.4 Antioxidants and Phenolic Compounds ........................................... 196
8.4.5 Carbohydrates and Related Compounds .......................................... 197
8.4.6 Coenzymes, Enzymes, Proteins, and Related Compounds ..............200
8.4.7 Hormones, Phytohormones, and Related Compounds .....................202
8.4.8 Neurotransmitters .............................................................................202
8.4.9 Nucleic Acid, Nucleic Bases, and Related Compounds ...................204
8.4.10 Purines, Pyridines, and Pyrimidines ...............................................205
8.4.11 Vitamins ...........................................................................................206
8.4.12 Whole Cells, Microorganisms, Tissues, and Tissue Extracts 

as Modi�ers ......................................................................................208
8.4.13 Survey of Applications of Carbon Paste Mini- 

and Microelectrodes in Brain Electrochemistry/
in Vivo Voltammetry .................................................................... 209

8.4.14 Miscellaneous ...................................................................................209

Chapter 9 In Place of a Conclusion: Carbon Paste Electrodes for Education and Practical 
Training of Young Scientists .................................................................................... 447

Appendix A: RNA: A Pro�le of the Carbon Paste Inventor and a Great Scientist ......................449

Appendix B:  List of Dissertation Theses Defended in the Authors’ Countries and Dealing 
with Carbon Paste–Based Electrodes, Sensors, and Detectors ............................... 453

Appendix C:  Alternate Titles of Chinese, Japanese, and Korean Journals or Periodicals ........... 461

References .....................................................................................................................................463

Authors .......................................................................................................................................... 601





xi

Foreword
A TRIBUTE TO THE LATE PROFESSOR RALPH N. ADAMS, 
INVENTOR OF THE CARBON PASTE ELECTRODE

During the early days of his research, Professor Ralph N. Adams (RNA) was interested in the electro-
oxidation of organic compounds, mainly aromatic amines. The two principal materials used as 
electrodes for such electro-oxidations were platinum and carbon in various physical con�gurations 
(e.g., Pt as wire or planar foil and carbon as rods or sheets). A major problem with such solid elec-
trodes, however, was the contamination and fouling of the electrode surface due to the product(s) of 
these electro-oxidations. He kept thinking that it would be nice to have an electrode like dropping 
mercury electrode (DME), which had a renewed surface with each new drop. Of course, Hg is not 
used in the anodic potential range since it itself readily undergoes oxidation.

In analogy to DME, Adams envisioned a dropping carbon electrode consisting of �nely pow-
dered, conductive carbon, like carbon black, with an inert organic liquid, mixed to be suf�ciently 
©uid to ©ow through a thin capillary tube. Thus, the idea of a carbon paste electrode (CPE) was 
born, but implementation as a dropping electrode was still a problem. The organic liquid would 
separate from the carbon particles when the composition was suf�ciently ©uid to ©ow in the cap-
illary, thus leading to an electrical disconnect.

At the time, I was a graduate student working on the oxidation of aromatic amines with an elec-
trochemical cell that had a small circular cavity at the bottom containing Hg. The Hg surface was 
oxidized �rst in the presence of chloride ion to form a thin passivating �lm of mercurous chloride 
prior to introduction of the organic compound of interest. Adams thought that the cavity of this 
cell could be �lled with the carbon paste (CP) to comprise a CPE in a stationary format. This CPE 
con�guration worked well but was impractical since easy replacement of the CPE was inconvenient. 
So he machined an electrode that had had a small diameter cavity at the end of a Te©on rod which 
could be easily �lled with the CP (carbon particles mixed with bromonaphthalene to a consistency 
like peanut butter). A Pt wire through the center of the rod extending into the cavity made electrical 
contact with the CP. This CPE could be readily removed from the cell for refreshing the surface by 
“scraping” the surface with a spatula or replacing the CP.

The advantages of the CPE (see Refs. [1–3]) were the low residual background current, the repro-
ducibility of successive voltammetric scans, applications to both oxidations and reductions (hence 
the large applicable potential range), and low cost. For reductions, it was not necessary to remove 
oxygen because of the large overpotential for oxygen reduction. Adams and his students subsequently 
developed several con�gurations (see Refs. [4,5]), including a rotating ring-disc electrode, and stud-
ied the physical, chemical, and electrochemical characteristics of CP mixtures with different car-
bon particles, pasting liquids, and when using various model redox systems for both oxidations and 
reductions. Acheson graphite mixed with Nujol (a mineral oil) became the standard CPE for the lab.

As suggested by Adams, the reduction of metal ions to their metallic state would produce a 
reverse oxidative wave similar in shape to the stripping of metals from a Hg electrode. This idea of 
partitioning into CPE gave rise to experiments where organic compounds, insoluble in water, could 
be dissolved in the pasting liquid and oxidized or reduced to the water-soluble ionic state, thereby 
exhibiting voltammetric waves with diffusional characteristics (see Refs. [6,7]). An early application 
of the CPE was in a ©ow cell as a detector of electroactive species for liquid chromatography (LC), 
which subsequently gave rise to many forms of LC-EC.

Adams was an “idea scientist,” unafraid to take risk to pioneer innovations. Examples include 
the placement of a small electrochemical cell with a metal electrode (Pt) in the cavity of the magnet 
of an ESR spectrometer to obtain spectra of electrogenerated free radicals, and the insertion of 
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microelectrodes in brain tissues for in situ electrochemical monitoring of neurotransmitters—all 
the aforementioned were “�rsts,” albeit many peer electrochemists at the time ridiculed his ideas 
when he �rst discussed them. He would come to the lab before sunrise (e.g., 4:00 a.m.) to do experi-
ments and then return home to have breakfast with his family before coming back to meet with 
student and teach his courses. His hobby was ©ying, a skill he learned as a World War II bomber 
pilot (see Figure F.1), and his students often had memorable (stomach turning) ©ights of acrobatics 
with “Buzz”—a nickname for obvious reasons.

FIGURE F.2 Adams making carbon paste. A cartoon drawing. (From personal archives of Prof. Kuwana, 
with his kindly permission and with courtesy of Dr. Donald W. Leedy.)

FIGURE F.1 R. N. Adams, ace chemist and pilot. A reproduction of the front cover of a contemporaneous 
local magazine. (From personal archives of Prof. Kuwana, with his kindly permission.)
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FIGURE F.3 Professor Adams with his students. From left to right: Theodore “Ted” Kuwana, Ralph “Buzz” 
Adams, and Donald W. Leedy, the last-mentioned being responsible for the drawing “Adams making carbon 
paste.” This picture was taken in 1999 at a reunion of Professor Adams with his students. (From personal 
archives of Prof. Kuwana and with his kindly permission.)

FIGURE F.4 From a scienti�c discussion (about carbon paste electrodes?). From left to right: Professor 
Kurt Kalcher, Professor Theodore “Ted” Kuwana, and Professor Karel Vytras. The photo was shot in 1999 
at the 7th International Seminar on Electroanalytical Chemistry (held in Changchun, China). (From authors’ 
archives.)
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His enthusiasm for science and life was infectious (see Figure F.2). Adams was just a wonderful 
scientist and human being. Many stories abound about him, including his habit from his days when 
he grew up on the beach in New Jersey—that is, not wearing sox…

Congratulations to the authors of this book for documenting the developments and applications 
of CPE and allowing this introduction about its inventor, the late Professor Ralph N. Adams (Figures 
F.3 and F.4). I end with what he told his students: “If you love what you are doing, the rewards will 
take care of themselves…”.

Theodore “Ted” Kuwana
Lawrence, Kansas
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Preface
This book, Electroanalysis with Carbon Paste Electrodes, aims, for the very �rst time, to cover the 
long-established position of carbon paste in electrochemistry and electroanalysis.

Indeed, except for a series of contemporary reviews and a recent entry in the Encyclopedia of 
Sensors (EOS), there has been no speci�c textbook since the late 1950s (when carbon paste was 
invented) devoted exclusively to electroanalysis with carbon paste electrodes (CPEs) that attempts 
to cover the �eld in its entirety. The classic monograph, Electrochemistry at Solid Electrodes, by 
Ralph N. Adams—the inventor of carbon paste—published in 1969, cannot be regarded as a com-
prehensive book on CPEs because it deals with only basic facts and merely covers the early era of 
the �eld, whereas most of the milestones and principal innovations took place much later.

The idea of compiling this book came to us sometime in the mid-2000s, shortly after we had 
�nished working on the aforementioned contribution to the EOS. We had been provided a wide 
scope for our overview and, thanks to such benevolence, we were encouraged to explore a still wider 
concept, resulting eventually in this book. As time went by, our team also published a series of new 
review articles that, in retrospect, were like actual presentations of the updated information we had 
been systematically gathering (to complete our archives) for the book.

The actual work on this book started in the winter of 2009/2010 and took us a year and a half 
to �nish. It can be noted here that our original intention to use material from the aforementioned 
recent reviews was soon abandoned, and the book was written anew. Thus, current “hot topics” 
were integrated with the latest developments in the �eld, including novel types of CPEs (associated 
with the massive use of nanomaterials, ionic liquids, and other newly synthesized products), actual 
re©ections of environment-friendly (“green”) chemistry, and all the features illustrating ©exible 
adaptation of CPEs, as well as the latest trends in biological and clinical analysis. (Herein, it should 
be emphasized that the latter area, especially, has been dealt with particular care as it was reviewed 
for the �rst time after many years.)

Moreover, all the actualities included were discussed and analyzed in the overall context con-
sidering numerous historical aspects as well as countless relations and links among the individual 
categories, themes, and phenomena. (This is also the reason why individual sections and paragraphs 
are closely linked and frequently navigate to the previous or, vice versa, following text.)

This book covers an enormously wide area of electrochemical and electroanalytical measure-
ments with carbon paste–based electrodes, sensors, and detectors and required a balanced approach 
to compile. This was accomplished by dividing the major topics and distributing the respective 
themes among the four authors, who worked on a joint schedule, but in their own independent 
capacity. However, despite our best efforts, we have to admit certain overlaps that can be found in 
some chapters and sections. However, this has been left as it is so as not to spoil the integrality and 
the overall presentation of the individual chapters or sections.

On the other hand, we have paid special attention to avoid duplicities in the literature cited. Our 
decision to gather all the references (3300 in all) at the end of the book rather than citing them at 
the end of every chapter resulted in tremendous work. Thus, without the invaluable help of a spe-
cial computer program (developed by one of us), which, at its optimum, could perform more than 
3,000,000 mutual comparisons in one run, we would have continued to check and renumber all the 
references manually till today! Regarding the references as such, the “deadline” for having them 
ready was set as the summer of 2010, and articles of�cially published beyond this period are cited 
only occasionally.
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Chemistry, Ljubljana, Slovenia), for their kind assessment and critical comments on the prelimi-
nary draft. Finally, Ivan Švancara and Karel Vytřas gratefully acknowledge �nancial support from 
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1 Introduction to 
Electrochemistry and 
Electroanalysis with Carbon 
Paste–Based Electrodes

1.1 HISTORICAL SURVEY AND GLOSSARY

“During an investigation of the properties of a dropping carbon electrode, a new paste electrode 
has been developed which possesses unique advantages in anodic polarography. …” says an open-
ing sentence of the �rst report on carbon paste electrode (CPE) with a laconic title Carbon Paste 
Electrodes [1]. The author of this text, Ralph N. Adams (Appendix A), had thus stepped into the 
history as the inventor of carbon paste for electrochemical and electroanalytical measurements.

The aforementioned formulation reveals that it happened more or less coincidentally, when the 
background of the discovery was mentioned in the inventor’s �rst review on CPEs [2] and, some 
years later, revealed fully in his monograph [3]. Therein, on page 280, one can read as follows:

… Carbon paste electrodes developed from an attempt to prepare a ©uid of suspended carbon particles 
to be used in the sense of a dropping electrode for anodic oxidations. Such a mixture can be prepared 
and dropped from a capillary of internal bore slightly greater that that of the DME. However, the 
conditions for successful operation of the dropping carbon paste electrode are far from ideal, and it 
soon became apparent that a thicker paste, packed in a pool con�guration and used either stationary or 
rotated, would be far more advantageous …

Finally, these circumstances were also con�rmed by Theodore Kuwana, Adams’s former student 
[4,5], the author of a special foreword in this book, and one of the �rst electrochemists who had ever 
worked with carbon paste. During a short meeting with the authors a decade ago [6], he said that he 
was “the slave” who had been working in the laboratory with the dropping carbon electrode (DCE) 
during the experimental testing of this device, as well as with the very �rst carbon paste mixtures 
made afterward. Despite some initial optimism (see the Adams’s concluding words in his pioneer-
ing report [1]), the whole concept of the DCE failed; nevertheless, the unsuccessful work with ©uid 
graphite suspensions had resulted in an unexpected side product—the carbon paste. In addition, 
the mixtures of this consistency soon became so popular that carbon pastes as such represented the 
classic electrode material for laboratory preparations of electrodes, sensors, and detectors of innu-
merable types, sizes, and con�gurations.

Before having achieved such a position, however, the carbon paste–based electrodes had under-
gone a very interesting genesis, comprising a number of signi�cant developments and achievements. 
It may even be stated that there is scarcely another type of electrode material whose employment 
would illustrate more faithfully the overall progress—or, on the contrary, the individual movements 
and trends—in electrochemical and electroanalytical measurements over half a century—across the 
time period of existence of carbon paste [7].

The era of carbon paste–based electrodes can then be summarized by means of the following 
periods and key moments.
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1.1.1 1958: THE VERY FIRST REPORT ON CARBON PASTE ELECTRODES

As already noticed, the end of the 1950s saw an unsuccessful attempt at constructing an alternative 
to Heyrovský’s dropping mercury electrode for anodic oxidations [1]. Instead, the electrochemists 
obtained a brand new electrode material—carbon paste—whose potentialities in electrochemical 
research and applied measurements could only be assumed at that time. This was pretty well for-
mulated by Peter T. Kissinger, another Adams’s student, in his dedicated pro�le [5]: “… I don’t 
think anyone could have predicted a number of carbon paste publications from reading the very �rst 
carbon paste article …” (Herein, we can add that this number is currently around 2500 scienti�c 
publications, increasing by 20–30 new items each month.)

The �rst carbon paste was a mixture of 1 g carbon powder with 7 mL bromoform, whose proper-
ties were demonstrated on the oxidation of iodide in a solution of 1 × 10−4 M I− in 1 M H2SO4; the 
second paste was reportedly tested as a mixture of graphite and carbon tetrachloride [1]. In retro-
spect, these pioneering experiments had been quite atypical for research activities of the carbon 
paste inventor and his group whose domain was mainly organic electrochemistry.

1.1.2  1959–1963: PROPOSALS OF CARBON PASTES, 
THEIR CHARACTERIZATION, AND INITIAL APPLICATIONS

The early years of using CPEs can be classi�ed as the “Era of Adams’s Group” or “Era of the 
Electrochemists from Kansas University (KU).” At that time, several selected types of carbon pastes 
were subjected to a fundamental characterization in anodic and cathodic voltammetry [8,9], using 
both inorganic and organic compounds as model species or systems. Of interest were also self-made 
carbon paste holders applicable in several different electrode con�gurations [10,11].

As time went by, the initially preferred halogenated liquids were replaced by less harmful and 
commercially available mineral oils such as Nujol®, which was �nally recommended as the pasting 
liquid of choice. (It is notable that this substance is still one of the most popular binders for the 
preparation of carbon pastes and its use is being regularly reported in research articles until 
now [7].) Satisfactory experience from the testing measurements with CPEs soon initiated their 
systematic employment in investigations of the electrode behavior of various substances, predomi-
nantly biologically important aromates from the family of substituted phenols, aromatic amines, 
and aminophenols. The results of these studies were �rst summarized in Adams’s review [2] and 
later, in more detail, in the aforementioned textbook [3]. Moreover, after a lengthy period of four 
decades, these invaluable investigations are again the central point of interest within this book—in 
Section 7.1.

Extensive studies of both anodic oxidations and cathodic reductions of organic compounds were 
typically qualitative in nature, and therefore, the �rst quantitative analysis with carbon paste–based 
electrodes can be attributed to Jacob’s simultaneous determination of gold and silver [12] who was 
using atypical (bell-shaped) tubings �lled with carbon paste. The author of the corresponding pro-
cedure, offering the limits of detections at the nanomolar level despite the use of direct voltammetry 
(i.e., without accumulation step), is also an early user of CPEs who had not originated from the 
research team at the KU, the other two being Davis and Everhart [13].

1.1.3 1964, 1965: FIRST MODIFICATIONS OF CARBON PASTES

In the mid-1960s, two other breaking events happened in Adams’s laboratories. First, it was shown 
that carbon pastes made of the two main constituents might contain another component and the 
resultant system offered new attractive applications in electrochemical research [14,15]. The inten-
tion of such an approach was to use the binary nature of carbon pastes for obtaining a simple 
approach to study the electrode behavior of compounds completely insoluble in aqueous solutions 
(see also the foreword to this book). Because the whole concept “bare carbon paste + substance 



3Introduction to Electrochemistry and Electroanalysis with Carbon Paste–Based Electrodes

admixed in” could later be adapted for studying inorganic solids, the pioneering studies by Kuwana 
et al. are often regarded to be the initial step in the development of the so-called carbon paste elec-
troactive electrodes (CPEEs) that are discussed separately, in Section 7.2.

A similar reason—i.e., combination of CPEs with measurements in organic solvents—was also 
behind the second key work [16] that introduced a new type of CPE containing up to 50% (w/w) of 
solid surfactant dissolved in the binder, acting as the stabilizer against disintegration of the native 
paste in nonaqueous solutions of a majority of organic solvents (e.g., MeOH, EtOH, ACN, DMSO, 
or DMFA). In this case, one can also refer to the purposely performed change in the typical proper-
ties of carbon paste mixtures in an effort to improve their resistivity in aggressive conditions. In 
other words and generally, this study was the �rst actual modi�cation of carbon pastes, leading to 
the desired behavior of a particular CPE for a given application.

1.1.4  1965–1975: EXPANSION OF CARBON PASTE ELECTRODES 
IN ELECTROCHEMICAL LABORATORIES

Whereas the activities of Adams’s school had continued (see, e.g., [17–25]), representing—with a 
few exceptions [26,27]—the research activities in Northern America, electrochemists and elec-
troanalysts in the Old Continent came rapidly to the fore [28–40]. In the late 1960s, especially, 
researchers from the Central Europe were active in developing and characterizing various types 
of CPEs [28–32], including newly proposed mixtures with silicon polymer–based binders such as 
highly viscous oils and greases [28] or even rubber [32]. (The latter was apparently the �rst example 
of the “solid-like” CPE whose originally soft consistency had been turned to a compact composite 
by solidifying the binder, here, by cold vulcanization.) Within these studies, some innovative con-
structions of carbon paste holders were designed [28,31], featuring also an unusual device for renew-
ing the carbon paste surface with the aid of a stretched piano string [33] or new �lling procedures 
[34]. Finally, there were some pioneering reports on the use of a CPE in equilibrium potentiometry 
[35,36], in analysis of biologically important compounds [37], or in voltammetry of solids [38].

The 1970s brought several valuable contributions into the advanced characterization of CPEs 
[39–41], including a sophisticated procedure for protecting the graphite particles against sorption of 
air oxygen [39], which had attracted the carbon paste inventor himself [3]. The same time period 
saw also the decline of Adams’s dominance in the �eld [42–44], more speci�cally, his reorientation 
toward pharmaceutical and biological sciences—pharmacotoxicology and in vivo monitoring [45–50]. 
(The last contribution is a review, cementing Adams’s position within the clinical research—namely, 
in contemporary brain electrochemistry—and it has also commented in detail on the �rst successful 
assays with carbon paste–based microelectrodes implanted in living laboratory animals.)

1.1.5 1976–1980: PIONEERING CHEMICAL MODIFICATIONS OF CARBON PASTE

The late 1970s showing some stagnation in publication activities (see Figure 1.1) had spawned two 
studies whose signi�cance was soon recognized as a breakthrough in the �eld. At �rst, Cheek and 
Nelson ([51]; the second author being further absolvent of Adams’s school [4]) reported on an inten-
tionally made modi�cation with amino groups chemically immobilized onto the graphite particles 
by means of rather complicated laboratory procedure. However, the effort made had been compen-
sated by the result, and the sensor was found to exhibit a high af�nity to Ag(I) ions, enabling their 
determination far below the sub-nanomolar level. The second milestone happened in Japan, where 
Yao and Musha [52] introduced the �rst prototype of a carbon paste biosensor, although, accord-
ing to the authors themselves, the respective con�guration was a chemically modi�ed CPE applied 
to the determination of a biologically important compound. Apart from the proper classi�cation, 
both reports predetermined the turbulent movement in the subsequent decades signaling two domi-
nant areas: (i) chemically modi�ed CPEs and (ii) biologically modi�ed CPEs (carbon paste–based 
biosensors).
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1.1.6 1981–1988: ERA OF CHEMICALLY MODIFIED CARBON PASTE ELECTRODES

All the previous results from measurements with carbon pastes containing additional constituents 
could not remain unnoticed. The speci�c combination of the two major components in solid and 
liquid states with evident potential for multicomponent concept and in contrast with simple labora-
tory preparation gave altogether such an attractive proposition that it was a question of time, when 
these features would be re©ected in wider applications. The real boom was apparently ignited by a 
report by Ravichandran and Baldwin [53] who had used the advantages of “mechanical modi�ca-
tion” (i.e., direct mixing of both main carbon paste components with a modi�er) and who were prob-
ably the �rst to introduce the term chemically modi�ed carbon paste electrode (CMCPE) [53,54]. 
Their method of modi�cation by means of incorporation of modifying agent into the carbon paste 
is now regarded as revolutionary [7], although the concept of direct modi�cation had not been new 
and resembled the preparation of Kuwana’s ferrocene-containing CPEs [14,15] or Adams’s “non-
aqueous CPE” [16], all appearing in the early 1960s. On the other hand, there were some nuances 
in the proper making, when the modi�er could be delivered into the bulk through (i) its dissolution 
in the binder [14,15] or loaded as a solid [16,53,54] by (ii) mixing it with both main components as 
well as into the ready-made carbon paste.

Although the entire 1980s have been in©uential mainly in association with the development 
and applications of CMCPEs (for comprehensive surveys, see, e.g., [55,56]), electrodes made of 
traditional carbon paste mixtures were still of interest. Such unmodi�ed CPEs were successfully 
employed in analyses of pharmaceuticals [57], biologically important compounds [58], or organic 
pollutants [59]. In parallel, there also were studies continuing in the characterization of unmodi-
�ed carbon pastes [60], including their testing in newly introduced modern instrumentation [61,62], 
some of them trying to improve their surface characteristics by means of a pretreatment by intensive 
electrolysis [63] or through addition of a surfactant [64]. In addition, there were attempts to replace 
the pasting liquid by more resistant high-molecular PVC binder [65], chloro©uorinated polymeric 
©uid, Kel-F® [66], or via the total alteration of the CPE surface by its spraying with solid graphite 
layer [67], all these con�gurations documenting further applicability of “solid-like” CPE con�gura-
tions. At the end of the commentary on this period, one should not forget to quote Adams’s farewell 
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to the world of carbon pastes in his classical contribution to the reaction kinetics of CPEs [68], 
 having achieved a remarkable citation index and competing, in this respect, with the introductory 
report itself (see [7] and data analysis therein).

1.1.7  1988–1995: WORLDWIDE SPREAD OF CARBON PASTES 
WITH ENZYMES AS A NOVEL TYPE OF BIOSENSOR

Hand in hand with the development of CMCPEs [69], carbon pastes were also examined as a 
substrate for incorporating biological modi�ers—enzymes, co-enzymes, or suitable tissues con-
taining such natural catalysts. Hitherto the most comprehensive review on CP-based biosensors 
[70] quotes that the earliest examples of such modi�cations go back to the 1980s or even before, 
which is the case of the already mentioned electrode [52] with chemically immobilized species 
of NAD+ (oxidized form of NADH). Similar attempts followed soon, where enzyme(s) had been 
anchored onto the protective membranes of carbon paste–based substrates with admixed media-
tors (see, e.g., [71,72]). However, the direct incorporation of enzyme into a carbon paste—i.e., 
mechanical modi�cation without any other linking or coating elements—was described for the 
�rst time by Matuszewski and Trojanowicz [73]. Their simple sensing device for amperometric 
detection of glucose contained the paste with glucose oxidase embedded inside and loaded into 
a small well at the bottom of a common electrode shaft. Reportedly, excellent stability of such a 
sensor (min. 3 weeks) together with surprisingly rapid response due to the functioning of carbon 
paste as arrays of miniature membranes [69,70] seems to be a suf�ciently stimulating factor that 
had initiated a real boom in the development and subsequent applications of biologically modi-
�ed carbon paste electrodes, commonly known as CP-biosensors.

Thus, this type of biosensors came rapidly to the fore, forming in a short time another major area 
within the electrochemistry with CPEs. Again, one of the reasons for this widespread use was the 
uniqueness of carbon paste materials in their ©exibility to be modi�ed. Similarly as with CMCPEs, 
carbon paste–based biosensors offer a wider choice in modi�cation strategies than those available 
for common solid electrode materials. Among others, the substrates from heterogeneous carbon 
pastes allow one to incorporate an enzyme and a mediator in one matrix, which improves the kinet-
ics of the corresponding enzymatic reaction and fastens the biosensor response. Also, carbon pastes 
can be simply modi�ed with two different enzymes forming bifunctional (dual) biosensors and may 
contain suitable stabilizing additives as well as some biological tissues or microbial cells (particu-
lar examples and further details are given in Chapter 5). These carbon paste–based dual sensors 
were one of the models for the future constructions of multifunctional sensors known as electronic 
tongues (see the following).

It can be concluded that biologically modi�ed carbon pastes had been in a lead position through-
out the 1990s, holding the same position up to the mid-2000s, when laboratory-made carbon paste 
material stepped into an uneven confrontation with commercially marketed carbon inks as sub-
strates for serial machining or manufacturing of screen-printed (carbon) electrodes, SP(C)Es [74]. 
This hypothetical battle had its beginnings in the mid-1990s [75], thus characterizing the upcoming 
period of our chronicle.

1.1.8  1996–2000: STARTING COMPETITION OF TRADITIONAL CARBON PASTES 
WITH SCREEN-PRINTED SENSORS AND OTHER CARBON COMPOSITES

Probably the �rst analysis devoted to this competition was included in the review [75] introduced 
earlier, positioning CPEs in the role of laboratory predecessors of SP(C)Es. Because the respective 
literature source is not so easily accessible, the entire rather visionary discussion can be brie©y 
presented herein—through interpretation of carbon pastes and carbon inks as the electrode mate-
rial close in nature. Both are heterogeneous substrates and both can be classi�ed as dispersions of 
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carbon or graphite particles in suitable binders. Regarding CPEs, the latter is represented by pasting 
liquid that stays in the liquid state even after preparation of the carbon paste mixture; whereas, in 
SPEs, the original ©uid agent is solidi�ed during the machining of the �nal product. Thus, although 
the resultant properties of a CPE and the selected SPE can be quite different, the method of eventual 
modi�cation is nearly the same, including the direct mixing of the two main components with the 
modifying agent. If such modi�cation is to be used for the �rst time and hence tested in advance, it 
is evident that the whole process for SPEs (including model measurements) can be simulated with 
CPEs, which is advantageous because the corresponding procedure with a CPE is usually much 
simpler. Yet another factor in favor of this strategy is the fact that SPEs are typically made in special 
machines as integrated series (sets) of many electrodes [74] and their repeated fabrication just for 
testing would became unacceptable from the economical point of view.

Besides SP(C)Es, there are a number of other carbon composite materials for which the respec-
tive sensing units are called “carbon paste–like” or “pseudo-carbon paste” electrodes, often, by the 
authors themselves. Some of them have already been introduced in the previous sections [33,62,63]); 
further types and prototypes have been proposed newly [76–79]. One of such composites was a mix-
ture of carbon powder with melted phenanthrene [76], when the hot liquid homogeneous  mixture 
was cooled down, thus giving rise to a granular mass that could be stored for later use. Then, before 
use, a portion of such granules was melted up and—as a ©uid—packed into an ordinary carbon 
paste holder. Alternatively, this solid-like carbon paste material could be modi�ed like common car-
bon paste mixtures, either by incorporating a modi�er into the mixture—again, in melted form—or 
in situ if the modifying agent(s) tended to decompose at higher temperatures.

Other types of “solid-like” CPEs were polyethylene-based carbon paste solid-like mixture [77], 
with the modi�er added, and the relatively popular paraf�n wax–based carbon composites (see, 
e.g., [78,79]), continuing in the concept of a pioneering prototype by Crow and his “carbon wax 
electrode” (CWE [80]). In these cases, the electrode material itself is obtainable in the same way as 
for the previously described phenanthrene-s-CPE, and its later modi�cation can also be performed 
analogically.

Similar to the previous decade, the 1990s with CPEs were also surveyed in some contemporary 
reviews [81,82], highlighting the signi�cance of new technologies in the area and the ©exibility of 
carbon paste as being “ready for things to come.”

1.1.9 2000–2001: CARBON PASTES AND NEW TECHNOLOGIES

The arrival of a new millennium coincided with rapidly increasing applicability of materials that 
had been developed with the aid of new technologies. In electroanalysis with carbon pastes, they are 
represented mainly by two major groups of modi�ers [83]: (a) complexants and (b) redox electrocat-
alysts, including mediators for biosensing, when—from the chemical point of view—the individual 
compounds typically belong to the so-called inorganic or organic hybrids; e.g., various (I) cations 
of the [MeN(A)a(B)b]m+ type (where “Me” is a metal of the iron or platinum groups, “A” inorganic 
ligand, and “B” organic molecule or vice versa) or (II) heteropoly-anions based on SiIV, PV, and AsV 
as central atoms, MoVI, WVI, and VV as metals in oxo-anionic ligands, both in combination with 
voluminous organic and organometallic cations as well as neutral organic molecules.

These complex structures offer numerous attractive properties owing to their multifunctional 
nature, coupling in one the mechanical stability of the inorganic lattice, chemical reactivity of the 
organic moiety, and its lipophilicity, which ensures good adhesion of the voluminous molecule to 
the hydrophobic carbon paste surface or bulk, respectively [84].

Incorporations of these substances and materials into various CPE con�gurations cannot, of 
course, be con�ned to a couple of years as evoked by the title of this section, because their applica-
tions have been or are of interest for many years—before, as well as after, the commencement of 
the year 2000. This is also emphasized in two recent reviews [83,84] analyzing for the �rst time 
the phenomenon called “carbon paste vs. new technologies” and mapping in detail the respective 
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research activities that accompany the electrochemistry and electroanalysis with carbon paste–based 
electrodes until now.

In order to describe the earlier stated and to illustrate the situation on the verge of the centuries, 
some examples can be given. An inorganic or organic hybrid was of interest in studies [85,86], 
whereas the use of a traditional analytical reagent in a new role of mediator is reported in [87], 
demonstrating also a special immobilization of the sol-gel type. Such procedures, as cross-linking 
of an enzyme [88], were usually connected with applications of silica and titanica porous matrices, 
representing yet another example of “modern” modi�ers whose boom had peaked mainly in the 
1990s [89].

Among typical trends of the early 2000s, one can quote the advanced investigations of nucleic 
acids [90], with the roots in the previous decade (see, e.g., [91] or [92], the former being also notable 
for the lowest detection limit ever reported for a CPE: 4 × 10−16 mol L−1 [7]); the increasing use of 
various nanomaterials (e.g., colloidal gold [93], renamed soon to nanogold [94], apparently, under 
the in©uence of contemporary nomenclature—see also a critical note in [84]), continuing efforts 
in seeking novel types of CPEs (such as “glassy carbon paste electrode” [GCPE] [95], having an 
almost identical predecessor in the productive 1990s [96]) or further expansion of SP(C)Es ([97], 
in this case, sorted among CPEs by the authors themselves). Finally, there are also some rarities; 
for instance, (probably) the �rst prototype of a reference electrode based on carbon paste [98], 
cyanobacteria-containing carbon paste applied to accomplish the photoelectrochemical oxidation 
of water [99] or a novel solar cell [100], documenting once again the potentialities of carbon pastes 
in new technologies.

1.1.10 2002–2003: CARBON PASTES FOLLOW THE CONCEPT OF GREEN CHEMISTRY

This point re©ects the growing intensity of the ecologic aspects of modern instrumental analysis 
and the associated research, giving rise to a new �eld of “green chemistry” [101].

In this respect, carbon pastes as such are quite a �ne material, when traditional mixtures are 
practically nontoxic. Nevertheless and despite this, the investigations with CPEs, CMCPEs, and 
CP-biosensors were further directed toward the green-chemistry concept. One of the most typical 
activities of the last decade was the search for an alternative to controversial mercury electrodes, 
which would be applicable in electrochemical stripping analysis (ESA) to the determination of 
heavy metal ions, with comparable performance. Moreover, the great success with the bismuth �lm 
electrode (BiFE), introduced under these circumstances in 2000 [102], opened a door for a new 
electroanalytical area with nonmercury metallic electrodes, where carbon pastes had been among 
the �rsts [103,104], still the most frequently used electrode substrates thanks to the diversity with 
which they can be modi�ed with bismuth and bismuth compounds.

Other contributions that were ecologically useful [105–110] appeared in parallel with the early 
reports on bismuth-�lm plated CPEs (BiF-CPEs). Thus, there was an interesting method for specia-
tion of Hg2

2+ and Hg2+ [105]; determination of Hg(II), Pb(II), and Cd(II) [106,107]; or differentiation 
and subsequent quanti�cation of both AsIII and AsV [108], all representing highly toxic species in the 
environment. Finally, similar methods have been proposed for notorious organic pollutants such as 
phenol [109] and two commercial herbicides [110], which were also phenolic derivatives.

1.1.11 2003–2010: BRAND NEW CARBON PASTES AND THEIR IMMEDIATE SUCCESS

The last period of our chronicle concerns again a number of the previously pursued activities, such 
as the continuing employment of various CMCPEs and solid-like CPEs in inorganic and organic 
analyses, pharmaceutical and clinical analyses, or for the investigation and determination of numer-
ous biologically important compounds. At still growing intensity, there have been further applica-
tions of new materials, novel types of modi�ers, as well as various innovative procedures. All these 
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trends are also documented in the retrospective literature [7,83,84], including the latest two reviews 
[111,112], with a collection of review articles since the appearance of the very �rst contribution [2] 
of a kind compiled nearly a half a century ago by R.N. Adams, the inventor of carbon paste.

However, the most signi�cant movement of the late 2000s is undoubtedly associated with the 
commencement of newly synthesized forms of carbon (i) besides or (ii) instead of ordinary graphite 
and with (iii) conventional or (iv) alternate binders, as well as (v) both in one mixture. These �ve 
possible combinations have logically resulted in a qualitatively variable family of new carbon paste 
mixtures.

Within this area, (i) glassy carbon powder with spherical particles and a specially pretreated sur-
face [95,96,113] came again to the fore, shown newly as the electrode material with extraordinary 
resistivity in media with a higher content of organic solvents (such as solutions containing up to 
80%–90% (v/v) MeOH [114]). Better performances due to electrocatalytic effect on reaction kinetics 
compared with traditional carbon or graphite materials have then been reported for carbon pastes 
prepared from (ii) acetylene black [115], (iii) template carbon, (iv) porous carbon foam, (v) porous 
carbon microspheres [116], and (vi) fullerene “C-60” [117]. Interestingly, the carbon moiety in a paste 
mixture can also be (vii) diamond powder [118] despite its almost zero conductivity. In the last few 
years, intensively popularized new forms of carbon have been completed with (viii) ordered mes-
oporous carbon [119]), (ix) carbon nanoparticles [120], (x) electrospun carbon nano�bers (ES-CFs 
[121]), or with (xi) carbon nanotubes [122] and their two basic variants: single wall carbon nanotubes, 
SWCNT(s) and multiwall carbon nanotubes, MWCNT(s).

The CNT(s) deserve a special attention as their introduction into electrochemistry with car-
bon pastes [123,124] has started a little revolution in the �eld, with the unprecedented boom of 
qualitatively new carbon paste mixtures and the respective electrodes, known soon as “carbon 
nanotube paste electrodes” (CNTPEs). A similar situation occurred after the �rst successful 
testing of the (room-temperature) ionic liquids, (RT)ILs, in carbon paste con�gurations [125]. 
It was shown soon that ILs may effectively replace traditional pasting liquids [126], giving 
rise to another new type of carbon paste–based electrodes, the so-called “carbon ionic liquid 
electrodes” (CILEs). In accordance with the aforementioned variability of con�gurations with 
alternate carbon paste constituents, the mutual combinations of CNT or ES-CFs with ILs came 
as well, giving rise to further new mixtures [127,128], where one does not �nd any of the two 
traditional components.

Otherwise, the last years of the 2000s have also seen some new trends in electrochemical inves-
tigation, for instance, the rapidly increasing popularity of carbon pastes as substrates for electropo-
lymerization or their compatibility to form integrated systems with modi�ers loaded inside such 
polymeric layers (see [129–138]). Another example of such activities is a rapidly growing area of 
continuing syntheses and testing of various inorganic or organic hybrids, especially, of new cata-
lysts. Within the respective procedures, one can also �nd quite sophisticated methods of direct 
modi�cation of carbon during electrospinning [139] or a long string of analogically oriented stud-
ies, originating from various Chinese regions and having appeared regularly each year (see, e.g., 
[140–147]).

For the latter, it is typical that the newly synthesized solids undergo an intimate character-
ization by means of the whole arsenal of instrumental techniques, namely, CHN-elemental 
analysis (EA); thermogravimetric analysis (TGA); microscopic techniques (SEM, STEM, and 
AFM); UV/vis-spectrophotometry; ©uorimetry (F); roentgen spectroscopy of solids (XPS, 
XRF, and XRD); Fourier-transform infrared (FT-IR), Auger-, and mass spectroscopy (MS); 
and up to four variants of nuclear magnetic resonance (H1-NMR, C13-NMR, Si29-NMR, and 
P31-NMR). The electrochemistry with carbon pastes is then represented by cyclic voltammetry 
(CV), potentiostatic coulometry (COU), equilibrium potentiometry (POT), chronoamperometry 
(CA), electrochemical impedance spectroscopy (EIS), and mainly solid-state voltammetry (SPV) 
with the CPEE, where the material studied is admixed into the carbon paste bulk and, in this 
form, studied to evaluate its electrocatalytic capabilities in the redox behavior of selected model 
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substance(s). Regarding all the nonelectrochemical and electrochemical techniques listed earlier, 
the individual applications have also been surveyed (see [83,84] and references therein).

To summarize the 2000s with all the events, it should be added that the end of the decade 
saw a further decline of interest in CP-biosensors—at least, compared with the preceding peri-
ods [70,111]—and practically absolute fade-out of solid phase voltammetry with CPEEs, when the 
respective report(s) had appeared only seldom (e.g., [148,149]). Regarding the overall activities in 
the �eld, however, there was an abrupt increase in the last 3 years, for which there are two evident 
explanations: (i) stormy development of both CNTPEs and CILEs (representing around 150 publica-
tions) and (ii) the establishment of new online journals that have quickly become a pivotal platform 
for several productive authors’ teams.

1.2 FIELD IN PUBLICATION ACTIVITIES AND LITERATURE

Research activities in the development and applications of CPEs, CMCPEs, CP-biosensors, or 
CPEEs within a period of more than half a century have affected practically all the areas of theo-
retical and applied electrochemistry. In some aspects, the results obtained have also contributed 
substantially to a successful competition of modern electrochemical measurements with rapidly 
expanding separation and spectral techniques. Since the discovery of carbon paste until now, it can 
be estimated that the terms “carbon paste” or “carbon paste electrode,” respectively, have appeared 
in 2500–3000 original papers published in renowned international journals or local periodicals.

Publication intensity had run in several waves re©ecting the individual periods of increasing 
interest, the times of the real boom, as well as some poorer years. To illustrate this, one obtains a 
diagram shown in Figure 1.1.

It can be deemed from that the exponential growth in the last three decades corresponds to 
(i) dynamic progress in the area of chemically modi�ed carbon pastes during the 1980s and in 
the �rst half of the 1990s [55,56,59,69], (ii) similar boom in the introduction of various carbon 
paste–based biosensors through the 1990s and in the early 2000s [70,81,82], and (iii) maybe the 
most dynamically growing attention toward the new carbon paste mixtures, hand in hand with 
re©ections of newly synthesized materials in all the CPE con�gurations [83]. The latter is particu-
larly typical for the past few years [84,111,112], when the renowned Internet databases (e.g., “Web 
of Science” [150]) annually offered more than 150 abstracts of freshly published papers—see 
again Figure 1.1 as well as the closing remark in the previous section.

Regarding the spectrum of international journals publishing a majority of contributions on CPEs, 
CMCPEs, and CP-biosensors, summarizations of publication activities with the chart of most pro-
ductive authors and teams, the highlights among the original papers (“the classics of the �eld”) with 
actual citation indexes and many other trivia, such material has been reviewed a couple of years ago 
[7] and the reader(s) is advised to consult directly this original title full of never-before published 
data, surveys, and statistics.

To date, CPEs in all known modi�cations, con�gurations, and variants were the central subject 
of interest in more than 20 review articles [2,7,55,56,59,69,70,75,81,82,84,111,112,151–160]. Among 
them and together with one book chapter [161], solely a minor part represents general compilations 
that have covered the topic as a whole, which is obvious for the �rst review from the early 1960s 
[2] but remarkable for the others [7,55,56,69,70], when the �eld had already become a worldwide 
phenomenon, covering hundreds of papers. Thus, it is quite logical that a majority of reviews have 
been arranged more speci�cally and framed either by the time period(s) [75,82,84,111,155] or by 
the particular (sub)area chosen, the latter being, for example, the case of a survey of physico-
chemical processes at CPEs and CMCPEs [157], food [112] and water [161] analyses, solid phase 
voltammetry with CPEEs [151], in vivo electrochemistry [152], potentiometry [159], pharmaceuti-
cal analysis [158], and electrochemistry with enzymatic CP-biosensors [156]. Most of the reviews 
[59,81,152–156,158–160], including the already mentioned ones [75,151], target local audiences, 
often referring to the regional publications and presenting the papers of the authors themselves. 
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Thus, until now, a chapter in the Encyclopedia of Sensors (EOS) book series [83] is the only text 
that can be regarded as comprehensive and contemporary study covering electrochemistry and 
electroanalysis with CPEs in its entirety regardless that a certain part has been devoted to related 
screen-printed electrodes, SP(C)Es. (Such a generous scope could also be chosen thanks to the 
extraordinary space in the book with an allowance to insert a set of extensive tables and a list with 
more than 2200 references.)

Finally, information about CPEs is also included in various textbooks and monographs 
[3,57,58,162–170], most of which is today being considered as the classical electrochemical litera-
ture. The selection of these books has not been fortuitous, and they are highlighted here because 
during the 1970s and 1980s most of them had to substitute the missing review, having provided con-
temporaneous information on CPEs, when Adams’s early article [2] had become old and nonactual.

Furthermore, this collection also mirrors the geography of traditionally strong electrochemical 
regions: (i) North America [57,58,163,166,168], (ii) Middle Europe [162,164], and (iii) the former 
U.S.S.R. [169], although practically each of these books has become popular worldwide. Some of 
them obtained a good reputation after being translated into English (see [164] vs. [165] and [169] 
vs. [170], the former representing a paradox situation, when the translated version had come to the 
market 1 year earlier than the original), the other could then be sold in the reeditions ([163,166,168]; 
the second one reappearing in considerably revised form, where, interestingly, the chapter about 
CPEs has been updated and rewritten by other authors—compare [166] with [167]).
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Modi�ed carbon paste electrodes. Sb. Ved. Pr., Vys. Sk. Chemickotechnol. Pardubice 57:5–27.

 156. Lobo Castanon, M.J., S.L. Alvarez Crespo, M.I. Alvarez Gonzalez, S.B. Saidman, A.J. Miranda Ordieres, 
and P. Tunon-Blanco. 1998. Biosensors based on carbon paste electrodes using immobilized dehydroge-
nase enzymes. An overview and trends. Sci. Pap. Univ. Pardubice Ser. A 3:17–29.
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K. Kalcher, pp. 35–58. Pardubice, Czech Republic: University of Pardubice.

 174. Cheng, I.F. and C.R. Martin. 1988. Ultramicrodisk electrode ensembles prepared by incorporating carbon 
paste into a microporous host membrane. Anal. Chem. 60:2163–2165.

 175. Švancara, I. and K. Schachl. 1999. Testing of unmodi�ed carbon paste electrodes. Chem. Listy 
93:490–499.

 176. Švancara, I., J. Zima, K. Schachl. 1998. The testing of carbon paste electrodes: An example on the 
characterisation of a carbon paste electrode prepared from newly used graphite powder. Sci. Pap. Univ. 
Pardubice Ser. A 4:49–63.

 177. Zakharchuk, N.F. 1991. Personal communication.
 178. Ali Qureshi, G. 1978. Carbon paste for calcium selective electrode. Libyan J. Sci. 8A:37–41.



470 References

 179. Johansson, E., G. Marko Varga, and L. Gorton, 1993. Study of a reagent- and mediatorless biosensor 
for D-amino acids based on co-immobilized D-amino acid oxidase and peroxidase in carbon paste 
electrodes. J. Biomater. Appl. 8:146–173.

 180. Narasaiah, D., U. Spohn, and L. Gorton. 1996. Simultaneous determination of L- and D-lactate by 
enzyme modi�ed carbon paste electrodes. Anal. Lett. 29:181–201.

 181. Wang, H., H. Cui, A. Zhang, and R. Liu. 1996. Adsorptive stripping voltammetric determination of 
tryptophan at an electrochemically pre-treated carbon-paste electrode with solid paraf�n as a binder. 
Anal. Commun. 33:275–277.
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 697. Švancara, I. and K. Vytřas. 2001. Determination of iodide in potassium iodide dosage tablets using 
cathodic stripping voltammetry with a carbon paste electrode. Sci. Pap. Univ. Pardubice Ser. A 
7:5–15.

 698. Sousa, M.d.F., O.E.S. Godinho, and L.M. Aleixo. 1995. An indirect voltammetric approach for the deter-
mination of cyanide at a chemically modi�ed electrode. Electroanalysis 7:1095–1097.

 699. Lefèvre, G., A. Walcarius, and J. Bessière. 1999. Voltammetric investigation of iodide sorption on cuprite 
dispersed into a carbon paste electrode. Electrochim. Acta 44:1817–1826.

 700. Walcarius, A., T. Barbaise, and J. Bessière. 1997. Factors affecting the analytical applications of zeolite-
modi�ed electrodes. Preconcentration of electroactive species. Anal. Chim. Acta 340:61–76.

 701. Walcarius, A., N. Luthi, J.L. Blin, B.L. Su, and L. Lamberts. 1999. Electrochemical evaluation of 
polysiloxane-immobilized amine ligands for the accumulation of copper(II) species. Electrochim. Acta 
44:4601–4610.

 702. Walcarius, A., M. Etienne, and C. Delacote. 2004. Uptake of inorganic HgII by organically modi�ed 
silicates: In©uence of pH and chloride concentration on the binding pathways and electrochemical moni-
toring of the processes. Anal. Chim. Acta 508:87–98.

 703. Attia, A.K. 2010. Determination of antihypertensive drug moexipril hydrochloride based on the enhance-
ment effect of sodium dodecyl sulfate at carbon paste electrode. Talanta 81:25–29.

 704. Stadlober, M., K. Kalcher, G. Raber, and C. Neuhold. 1996. Anodic stripping voltammetric determina-
tion of titanium(IV) using a carbon paste electrode modi�ed with cetyltrimethylammonium bromide. 
Talanta 43:1915–1924.

 705. Stadlober, M., K. Kalcher, and G. Raber. 1997. A new method for the voltammetric determination of 
molybdenum(VI) using carbon paste electrodes modi�ed in situ with cetyltrimethylammonium bromide. 
Anal. Chim. Acta 350:319–328.

 706. Stadlober, M., K. Kalcher, and G. Raber. 1997. Anodic stripping voltammetric determination of 
vanadium(V) using a carbon paste electrode modi�ed in situ with cetyltrimethylammonium bromide. 
Electroanalysis 9:225–230.

 707. Abbas, M.N.E.-D. 2003. Chemically modi�ed carbon paste electrode for iodide determination on the 
basis of cetyltrimethylammonium iodide ion-pair. Anal. Sci. 19:229–233.

 708. Wang, J., B. Greene, and C. Morgan. 1984. Carbon paste electrodes modi�ed with cation-exchange resin 
in differential pulse voltammetry. Anal. Chim. Acta 158:15–22.
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 1973. Vytřas, K., T. Capoun, E. Halamek, J. Soucek, and B. Stajerova. 1990. Potentiometric ion-pair forma-

tion titrations of N-alkyl-N-ethylpyrrolidium cations using plastic membrane electrodes. Collect. Czech. 
Chem. Commun. 55:941–950.

 1974. Fogg, A.G., M. Duzinkewycz, and A.S. Pathan. 1973. Ion-selective electrodes based on brilliant green 
tetrathiocyanatezincate(II). Anal. Lett. 6:1101–1106.
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 1994. Tesarova, E. and K. Vytřas. 2009. Potentiometric stripping analysis at antimony �lm electrodes. 
Electroanalysis 21:1075–1080.

 1995. Hocevar, S.B., I. Švancara, B. Ogorevc, and K. Vytřas. 2007. Antimony �lm electrode for electrochemi-
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in Electroanalysis, Eds. K. Vytřas and K. Kalcher, pp. 49–58. Pardubice, Czech Republic: University of 
Pardubice.

 2241. Abu-Shawish, H.M. and S.M. Saadeh. 2007. A new chemically modi�ed carbon paste electrode for deter-
mination of copper based on N,N′-disalicylidenehexamethylene-diaminate copper(II) complex. Sens. 
Lett. 5:565–571.

 2242. Janegitz, B.C., L.H. Marcolino, and O.F. Filho. 2007. Anodic stripping voltammetric determination of 
copper (II) in wastewaters using a carbon paste electrode modi�ed with chitosan. Quim. Nova (Barcelona) 
30:1673–1676.

 2243. Taher, M.A., M. Esfandyarpour, S. Abbasi, and A. Mohadesi. 2008. Indirect determination of trace 
copper(II) by adsorptive stripping voltammetry with Zincon at a carbon paste electrode. Electroanalysis 
20:374–278.

 2244. Gismera, M.J, M.T. Sevilla, and J.R. Procopio. 2008. Flow and batch systems for copper(II) potentiomet-
ric sensing. Talanta 14:190–197.

 2245. Alpat, S.K., S. Alpat, B. Kutlu, O. Ozbayrak, and H.B. Buyukisik. 2008. Development of biosorption-
based algal biosensor for Cu(II) using Tetraselmis chuii. Sens. Actuators B 128:273–278.

 2246. Rohani, T. and M.A. Taher. 2008. A new method for application of the water-soluble dye SPADNS inside 
a carbon paste electrode for determination of trace amounts of copper. J. AOAC Int. 91:1478–1482.

 2247. Lubert, K.H. and L. Beyer. 2008. Carbon paste electrode modi�ed with the copper(II) complex of 
N-benzoyl-N′,N′-Di-N-butyl-thiourea. Voltammetric behavior and response to copper(II). Solvent Extr. 
Ion Exch. 26:321–331.

 2248. Stephanie, G.R., M. Etienne, Y. Rousselin, F. Denat, B. Lebeau, and A. Walcarius. 2009. Cyclam-
functionalized silica-modi�ed electrodes for selective determination of Cu(II). Electroanalysis 
21:280–289.

 2249. Csoka, B. and Z. Mekhalif. 2009. Carbon paste-based and dual function ion-selective microelectrodes for 
scanning electrochemical microscopic measurements. Electrochim. Acta 54:3225–3232.

 2250. Yuce, M., H. Nazir, and G. Donmez. 2010. A voltammetric microbial biosensor modi�ed with Rhodotorula 
mucilaginosa sp. for the determination of Cu(II). Bioelectrochemistry 79:66–70.

 2251. Kamenev, A.I., M.I. Lunev, P.K. Agasyan, and Z.I. Lisichkina. 1977. Determination of lead in steel and 
cast iron by inverse voltammetry. Zh. Anal. Khim (Russ.) 32:1955–1960.



557References

 2252. Kopanica, M. and V. Stara. 1991. Determination of amalgam-forming metals by anodic stripping voltam-
metry in solutions with dissolved oxygen. Electroanalysis 3:925–928.

 2253. Shaidarova, L.G., N.A. Ulakhovich, M.A. El Gakhri, and G.K. Budnikov. 1993. Use of dibenzo-18-
crown-6 as a modi�er of a carbon-paste electrode for lead determination. Izv. Vysch. Uchebn. Zaved., 
Khim. Technol. (Russ.) 35:51–54.

 2254. Peng, T.-Z., Z. Tang, G.-S. Wang, and B.-E. Shen. 1995. A cuproin-modi�ed carbon paste electrode for 
the determination of lead(II) using differential pulse voltammetry. Curr. Sep. 13:119–124.

 2255. Glebov, A.N., L.G. Shaidarova, M. Al-Gahri, N.A. Ulakhovich, and A.B. Vepritskaya. 1993. Lead(II) mac-
rocyclic complexes with alkali metal cations in voltammetry. Koordinatsion. Khim. (Russ.) 19:122–124.

 2256. Shaidarova, L.G., N.A. Ulakhovich, M.A. El Gakhri, G.K. Budnikov, and A.N. Glebov. 1995. Inversion 
voltammetry of lead(II) on a carbon paste electrode modi�ed by macrocyclic complexants. J. Anal. 
Chem. (Russ.)/transl. of Zh. Anal. Khim. 50:692–696.

 2257. Zhang, Z.-Q., H. Liu, H. Zhang, and Y.-F. Li. 1997. Determination of trace cadmium with 8-hydroxy-
quinoline mixed adhersion agent-carbon paste electrode. Lihua Jianyan Huaxue Fence 33:506–507.

 2258. Iliadou, E., S.T. Girousi, A.N. Voulgaropoulos, and K. Vytřas. 1997. Voltammetric determination of 
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 2281. Papp, Z., V. Guzsvany, I. Švancara, K. Vytřas, F. Gaal, L. Bjelica, and B. Abramovic. 2009. New 
applications of tricresyl phosphate-based carbon paste electrodes in voltammetric analysis. In Sensing 
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in Electroanalysis, Vol. 4, Eds. K. Vytřas, K. Kalcher, and I. Švancara, pp. 47–58. Pardubice, Czech 
Republic: University Press Center.

 2473. Simoes, F.R., L.H.C. Mattoso, and C.M.P. Vaz. 2004. Modi�ed carbon paste poly-aniline electrodes 
for the electrochemical determination of the herbicide dichloro-phenoxyacetic acid (2,4-D). Sens. Lett. 
2:221–225.

 2474. Walcarius, A. and L. Lamberts. 1996. Square wave voltammetric determination of Paraquat and Diquat 
in aqueous solution. J. Electroanal. Chem. 406:59–68.

 2475. El Bakouri, H., J.M. Palacios Santander, L. Cubillana Aguilera, A. Ouassini, I. Naranjo Rodriguez, 
and J. de Cisneros. 2005. Electrochemical analysis of Endosulfan using a C18-modi�ed carbon-paste 
electrode. Chemosphere 60:1565–1571.

 2476. Lei, Y., P. Mulchandani, W. Chen, and A. Mulchandani. 2007. Biosensor for direct determination of 
Fenitrothion and EPN using recombinant Pseudomonas putida JS444 with surface-expressed organo-
phosphorous hydrolase. 2. Modi�ed carbon paste electrode. Appl. Biochem. Biotechnol. 136:243–250.
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Eds. K. Vytřas and K. Kalcher, pp. 109–118. Pardubice, Czech Republic: University of Pardubice.

 2531. O’Dea, P., A. Costa Garcia, A.J. Miranda Ordierez, P. Tunon Blanco, and M.R. Smyth. 1991. Comparison 
of adsorptive stripping voltammetry at Hg and C paste electrodes for the determination of Cipro©oxacin 
in urine. Electroanalysis 3:337–342.

 2532. Zhang, S.-H. and S. Wei. 2007. Electrochemical determination of Cipro©oxacin based on the enhance-
ment effect of sodium dodecyl benzene sulfonate. Bull. Korean Chem. Soc. 28:543–546.

 2533. Stefan-van Staden, RI., L. Holo, B. Moeketsi, J.F. van Staden, and H.Y. Aboul-Enein. 2009. 
Enantioselective determination of R-Clenbuterol using an enantioselective potentiometric membrane 
electrode based on b-cyclodextrin derivative. Instrum. Sci. Technol. 37:189–196.

 2534. Pudilova, H. 2006. Determination of chloramphenicol at carbon paste electrodes (in Czech). MSc dis-
sertation, Charles University, Prague, Czech Republic.

 2535. Radi, A. 2005. Accumulation and trace measurement of chloroquine drug at DNA-modi�ed carbon paste 
electrode. Talanta 65:271–275.

 2536. Khodari, M. 1999. Electrometric studies on the ternary complexes of Me(II) with Chlorpromazine and 
some amino acids. Microchim. Acta 131:231–235.

 2537. Peng, T.-Z., Z.-P. Yang, and R.-S. Lu. 1990 Stripping voltammetric determination of Perphenazine and 
some antipsychotic drugs at carbon paste electrodes. Yaoxue Xuebao 25:277–283.

 2538. Angelikaki, A.G. and S.T. Girousi. 2008. Sensitive detection of tetracycline, oxytetracycline, and chlor-
tetracycline in the presence of copper(II) ions using a DNA-modi�ed carbon paste electrode. Chem. Anal. 
(Warsaw) 53:445–454.

 2539. Ambrosi, A., R. Antiochia, L. Campanella, R. Dragone, and I. Lavagnini. 2005. Electrochemical deter-
mination of pharmaceuticals in spiked water samples. J. Hazard. Mater. 122:219–225.



569References

 2540. Yu, D.-H., B. Blankert, and J.-M. Kauffmann. 2007. Development of amperometric horse-radish per-
oxidase based biosensors for clozapine and for the screening of thiol compounds. Biosens. Bioelectron. 
22:2707–2711.

 2541. Farhadi, K., R.H. Yamchi, and R. Sabzi. 2007. Electrochemical study of interaction between Clozapine 
and DNA and its analytical application. Anal. Lett. 40:1750–1762.

 2542. Fernandez Abedul, M.T., J.R. Barreira Rodriguez, A. Costa Garcia, and P. Tunon Blanco. 1991. 
Voltammetric determination of cocaine in con�scated samples. Electroanalysis 3:409–412.

 2543. Abedul, M.T.F. and A.C. Garcia. 1996. Flow injection analysis with amperometric detection of cocaine 
in con�scated samples. Anal. Chim. Acta 328:67–71.

 2544. Yu, S.-H., X.-Y. Hu, and Z.-Z. Leng. 1997. Measurement of colchicine by anodic voltammetry with car-
bon paste electrode. Yaoxue Xuebao 32:210–312.

 2545. Stanic, Z., A. Voulgaropoulos, and S. Girousi. 2008. Electroanalytical study of the anti-oxidant and anti-
tumor agent curcumin. Electroanalysis 20:1263–1266.

 2546. Palaska, P., E. Aritzoglou, and S. Girousi. 2007. Sensitive detection of Cyclophosphamide using DNA-
modi�ed carbon paste, pencil graphite, and hanging mercury drop electrodes. Talanta 72:1199–1206.

 2547. Rodriguez, R.J.B., A.C. Garcia, A.J.M. Ordierez, and P.T. Blanco. 1989. Electrochemical oxidation of 
dacarbazine and its major metabolite (AIC) on carbon electrodes. Electroanalysis 1:529–534.

 2548. Wang, J., M-S. Lin, and V. Villa. 1987. Adsorptive stripping voltammetric determination of low levels of 
daunorubicin. Analyst (U.K.) 112:1303–1307.

 2549. Wang, J., M. Ozsos, X.-H. Cai, G. Rivas, H. Shiraishi, D.H. Grant, M. Chicharro, J. Fernandes, and 
E. Palecek. 1998. Interactions of antitumor drug daunomycin with DNA in solution and at the surface. 
Bioelectrochem. Bioenerg. 45:33–40.

 2550. Balaji, K., G.V.R. Reddy, T.M. Reddy, and S.J. Reddy. 2008. Determination of Prednisolone, 
Dexamethasone, and Hydrocortisone in pharmaceutical formulations and biological ©uid samples by 
voltammetric techniques using b-cyclodextrin modi�ed carbon paste electrode. Afr. J. Pharm. Pharmacol. 
2:157–166.

 2551. Khaled, E., H.N.A. Hassan, M. Mohamed, and A.A. Gehad Gseleim. 2010. Carbon paste and PVC elec-
trodes for the ©ow injection potentiometric determination of dextromethorphan. Talanta 81:510–515.

 2552. Li, Y.-F., W.-D. Li, and Z.-Q. Zhang. 1998. Electroanalytical characteristics of diazepam on carbon paste 
electrode. Hunan Daxue Xuebao, Ziran Kexueban 25:25–27,42.

 2553. Vanickova, M., M. Buckova, and J. Labuda. 2000. Voltammetric determination of azepine and phenothi-
azine drugs with DNA biosensors. Chem. Anal. (Warsaw) 45:125–133.

 2554. Oelschaeger, H., D. Rothley, and U. Dunzendorfer. 1986. Direct determination of diethylstilbestrol and 
its monoconjugates in plasma. Arzneimittel Forschung 36:759–763.

 2555. Zhang, S.-H., K.-B. Wu, and S.-S. Hu. 2002. Voltammetric determination of diethylstilbestrol at a carbon 
paste electrode using cetylpyridine bromide as medium. Talanta 58:747–754.

 2556. Teixeira, M.F.S., L.H. Marcolino, Jr., O. Fatibello Filho, E.R. Dockal, and E.T.G. Cavalheiro. 
2004. Voltammetric determination of dipyrone using a N,N′-ethylene-bis-(salicylidene-aminato) 
oxovanadium(iv) modi�ed carbon-paste electrode. J. Braz. Chem. Soc. 15:803–808.

 2557. Liu, L., J.-F. Song, Y. Peng-Fei, and B. Cui. 2008. Enhancement action of lanthanum hydroxide 
nanowire towards voltammetric response of calcium dobesilate and its application. Chin. J. Chem. 
26:220–224.

 2558. Yang, G.-J., L.-T. Jin, and Z.-Z. Leng. 1998. Adsorptive voltammetry behavior of trace Dobutamine on 
carbon paste electrode and its determination. Gaodeng Xuexiao Huaxue Xuebao 19:1574–1577.

 2559. Arranz, A., S.F. de Betono, J.M. Moreda, A. Cid, and J.F. Arranz. 1997. Cathodic stripping voltammetric 
determination of doxazosin in urine and pharmaceutical tablets using carbon paste electrodes. Analyst 
(U.K.) 122:849–854.

 2560. Chaney, E.N. Jr. and R.P. Baldwin. 1985. Voltammetric determination of doxorubicin in urine by adsorp-
tive preconcentration and ©ow injection analysis. Anal. Chim. Acta 176:105–112.

 2561. Stefan, R.I., H.Y. Aboul Enein, and G.L. Radu. 1998. Biosensors for the enantioselective analysis of 
S-Enalapril and S-Ramipril. Prep. Biochem. Biotechnol. 28:305–312.

 2562. Enein, H.Y. Aboul, R.I. Stefan, and J.F. van Staden. 1999. Potentiometric enantio-selective membrane 
electrode for S-Enalapril assay. Analusis (Bruxelles) 27:53–56.

 2563. Stefan, R.I., J.F. van Staden, C. Bala, and H.Y. Aboul Enein. 2004. On-line assay of the S-enantiomers of 
enalapril, ramipril, and pentopril using a sequential injection analysis/amperometric biosensor system. 
J. Pharm. Biomed. Anal. 36:889–892.

 2564. Connor, M.P., J. Wang, W. Kubiak, and M.R. Smyth. 1990. Tissue- and microbe-based electrochemical 
detectors for liquid chromatography. Anal. Chim. Acta 229:139–143.



570 References

 2565. Erdem, A. and M. Ozsoz. 2001. Interaction of the anticancer drug epirubicin with DNA. Anal. Chim. Acta 
437:107–114.

 2566. Radi, A.E., N. Abd Elghany, and T. Wahdan. 2007. Electrochemical study of the antineoplastic agent 
etoposide at carbon paste electrode and its determination in spiked human serum by differential pulse 
voltammetry. Chem. Pharm. Bull. 55:1379–1382.

 2567. Abbas, M.N. and G.A.E. Mostafa. 2003. Gallamine-tetraphenylborate modi�ed carbon paste electrode 
for the potentiometric determination of gallamine triethiodide (Flaxedil). J. Pharm. Biomed. Anal. 
31:819–826.

 2568. Stefan-van Staden, R.I., R.G. Bokretsion, K.I. Ozoemena, J.F. van Staden, and H.Y. Aboul-Enein. 2006. 
Enantioselective, potentiometric membrane electrodes based on different cyclodextrins as chiral selec-
tors for the assay of S-Flurbiprofen. Electroanalysis 18:1718–1721.

 2569. Stefan-van Staden, R.I., R.G. Bokretsion, and K.I. Ozoemena. 2006. Utilization of maltodextrin-based 
enantioselective, potentiometric membrane electrodes for the enantioselective assay of S-Flurbiprofen. 
Anal. Lett. 39:1065–1073.

 2570. Stefan-van Staden, R.I., J.F. van Staden, and H.Y. Aboul Enein. 2009. Macrocyclic antibiotics as chi-
ral selectors to design enantioselective, potentiometric membrane electrodes for the determination of 
S-Flurbiprofen. Anal. Bioanal. Chem. 394:821–826.

 2571. Radi, A. 2004. Voltammetric study of Glibenclamide at carbon paste and sephadex-modi�ed carbon paste 
electrodes. Anal. Bioanal. Chem. 378:822–826.

 2572. Radi, A, M.A. El Ries, and G.E. Bekhiet. 1999. Electrochemical oxidation of the hypoglycemic drug 
gliclazide. Anal. Lett. 32:1603–1612.

 2573. Rodriguez, R.J.B., V. Cabal Diaz, A.C. Garcia, and P.T. Blanco. 1900. Voltammetric assay of heroin in 
illicit dosage forms. Analyst (U.K.) 115:209–212.

 2574. Santamaria, M.d.C., M.D. Vazquez Barbado, M.L. Tascon Garcia, J.A. Acuna, and P.S. Batanero. 1995. 
Determination of indomethacin by using voltammetric techniques on carbon paste electrode. Quim. Anal. 
(Barcelona) 14:117–120.

 2575. Radi, A. 2001. Stripping voltammetric determination of Indapamide in serum at castor oil-based carbon 
paste electrodes. J. Pharm. Biomed. Anal. 24:413–419.

 2576. Liu, L., J.-F. Song, P.-F. Yu, and B. Cui. 2006. A novel electrochemical sensing system for inosine and 
its application for Inosine determination in pharmaceuticals and human serum. Electrochem. Commun. 
8:1521–1526.

 2577. Mebsout, F., J.-M. Kauffmann, G.J. Patriarche, J. Vereecken, and G.D. Christian. 1989. Electrochemical 
behavior of iproplatin at the carbon paste electrode. Electroanalysis 1:161–165.

 2578. Hammam, E., A.M. Beltagi, and M.M. Ghoneim. 2004. Voltammetric assay of Rifampicin and Isoniazid 
drugs in pharmaceutical formulations and human serum at a carbon paste electrode. Microchem. J. 
77:53–62.

 2579. Wahdan, T. 2005. Voltammetric method for the simultaneous determination of Rifampicin and Isoniazid 
in pharmaceutical formulations. Chem. Anal. (Warsaw) 50:457–464.

 2580. Radi, A. 1999.Voltammetric study of khellin at a DNA-coated carbon paste electrode. Anal. Chim. Acta 
386:63–68.

 2581. Radi, A. 2003. Anodic voltammetric assay of lansoprazole and omeprazole on a carbon paste electrode. 
J. Pharm. Biomed. Anal. 31:1007–1012.

 2582. Radi, A., M.A. El Ries, and S. Kandil. 2003. Electrochemical study of the interaction of levo©oxacin with 
DNA. Anal. Chim. Acta 495:61–67.

 2583. Arenaza, M.J., B. Gallo, L.A. Berrueta, and F. Vicente. 1995. Electrooxidation and determination of the 
1,4-benzodiazepine loprazolam at the carbon-paste electrode. Anal. Chim. Acta 305:91–95.

 2584. Mebsout, F., J.-M. Kauffmann, and G.J. Patriarche. 1987. Electrochemical behavior of Marcellomycine 
on solid electrodes. Analusis (Bruxelles) 15:243–247.

 2585. Liu, L. and J.-F. Song. 2006. voltammetric determination of mefenamic acid at lanthanum hydroxide 
nanowires modi�ed carbon paste electrodes. Anal. Biochem. 354:22–27.

 2586. Radi, A., M.A. El Ries, F. El Anwar, and Z. El Sherif. 2001. Electrochemical oxidation of meloxicam and 
its determination in tablet dosage form. Anal. Lett. 34:739–748.

 2587. Tian, X.-J. and J.-F. Song. 2007. Catalytic action of copper(II) ion on electrochemical oxidation of met-
formine and its voltammetric determination in pharmaceuticals. J. Pharm. Biomed. Anal. 44:1192–1196.

 2588. Khaled, E., H.N.A. Hassan, M.S. Kamel, and B.N. Barsoum. 2007. Novel etformin carbon paste and 
PVC electrodes. Curr. Pharm. Anal. 3:262–267.

 2589. Ramirez Barreira, R.J., A. Costa Garcia, and P. Tunon Blanco. 1989. Electrooxidation of Methadone on 
carbon paste electrodes. Electrochim. Acta 34:957–961.



571References

 2590. Pekarova, Z. 2004. Voltammetric determination of methotrexate using a carbon paste electrode (in 
Czech). MSc dissertation, Charles University, Prague, Czech Republic.

 2591. Zima, J., J. Pekarova, J. Barek, and I. Švancara. 2007. Possibilities and limitations of carbon paste elec-
trodes in electroanalysis of pharmaceuticals: Voltammetric determination of Methotrexate. In Sensing 
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