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Dedicated to the Memory of Professor Jaroslav Heyrovsky
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ABSTRACT: Recent trends and advances in the electrochemistry with both unmodified and modified carbon
paste electrodes are reviewed (247 refs.). Present day knowledge of their basic physico-chemical properties and
characteristics is surveyed, including some specifics important in electrochemical measurements. Special attention
is paid to the possibilities of carbon paste-based electrodes in electrochemical investigations and in modern
electroanalysis of inorganic ions or molecules, organic substances, biologically important compounds, and
pharmaceuticals.

KEY WORDS: carbon paste electrodes, electroanalysis, review.

ABBREVIATIONS: ACYV, alternating current voltammetry; A(C)SV, anodic (cathodic) stripping voltammetry;
ADH, alcohol dehydrogenase; AdSV, adsorptive stripping voltammetry; AMP, amperometry; ASV, anodic stripping
voltammetry; 2-BP, 2-butanone peroxide; bpy, bipyridyl; CCSA, constant current stripping analysis; CMCPEs,
chemically modified CPE; CNA, chronoamperometry; CNP, chronopotentiometry; CPEs, carbon paste electrodes;
CPEEs, carbon paste electroactive electrodes; CP-ISEs, carbon paste ion-selective electrodes; CPyC, cetylpyri-
dinium chloride; CP-UMEs, carbon paste ultramicroelectrodes; CTAB, cetyltrimethylammonium bromide; CV,
cyclic voltammetry; DCSV, direct current stripping voltammetry; DME, dropping mercury electrode; DPDTC,
diphenyldithiocarbamate; DPA(C)SV, differential pulse anodic (cathodic) stripping voltammetry; EIA, enzyme
immunoanalysis; FIA, flow injection analysis; FDH, fructose dehydrogenase; GIDH, glycerol dehydrogenase;
GOD, glucose oxidase; HRP, horseradish peroxidase; HT'TA, thiophenecarboxylic trifluoroacetone; LADH, lipoamide
dehydrogenase; LDH, lactate dehydrogenase; LOd, lactate oxidase; LSV, linear scan voltammetry; MCPE,
modified carbon paste electrode; NPOE, 2-nitrophenyl octyl ether; NMP, N-methylphenazonium; NiTsPc, nickel
tetrasulfonated phthalocyanine; Pf, Pseudomonas fluorescens; PAP, poly(o-aminophenol); PEG, polyethylene gly-
col; PEI, polyethyleneimine; PNA, peptide nucleic acid; POL, polarography; PPD, poly(o-phenylenediamine);
PQQ, pyrrolo quinoline quinone; PSA, potentiometric stripping analysis; PVP, poly(4-vinylpyridine); R.S.D.,
relative standard deviation, Septonex, 1-ethoxycarbonylpentadecyl-trimethylammonium bromide; SPEs, screen
printed electrodes; SPPM, spectrophotometry; ST, titanized silica gel; SWV, square wave voltammetry; TCP,
tricresyl phosphate; TEMPO, 2,2,6,6-tetramethylpiperydinyloxy; V, voltammetry.
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I. INTRODUCTION

In 1958, shortly before Professor Jaroslav
Heyrovsky received the Nobel Prize for Chemis-
try and his polarographic method became known
worldwide, Adams reported on a new type of
electrode.! The proper material of this sensor was
formed by a mixture of carbon powder with a
liquid nonelectroactive binder and called simply
“carbon paste”. It is interesting to notice that the
discovery of carbon paste had closely been con-
nected with Heyrovsky’s polarography and his
dropping mercury electrode (DME). Several years
after the carbon paste had been first introduced,
its inventor admitted that his original idea was to
develop “dropping carbon electrode”.> Such a
sensor was to be constructed similarly like the
DME, that is, from a reservoir with suspension of
carbon powder in a liquid and connected to a
capillary, allowing one to obtain periodically re-
newable droplets of “carbon electrode”. The au-
thor hoped that this set-up could serve as a certain
analogy to the DME for anodic oxidations of
organic compounds where mercury-based elec-
trodes were inapplicable. Although practical ex-
periments with carbon dropping electrode failed,
the above-mentioned mixture of carbon powder
and a binder prepared in thicker consistency was
presented as promising electrode material. Its
perspectives were emphasized already in the pio-
neering report,' and the oncoming boom in the
field of electrochemical sensors has confirmed
such anticipations.

Carbon paste electrodes (CPEs) and related
sensors underwent an attractive development. Its
inspiring history, illustrating potentialities of elec-
trochemistry as a whole and revealing numerous
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connections with the current trends, can be
overviewed on some important moments and pe-
riods:

e [959-1963: Introduction of Carbon Paste and
Its First Applications. The very beginnings of
the electrochemistry at CPEs were associated
with the research activity of Adams’s group.
They postulated first basic characteristics of
carbon pastes and some rules for their usage.
The initial stage is typical for a rather specialised
field of applications; CPEs having been em-
ployed mainly in studying the mechanisms of
electrode reactions of various organic com-
pounds.’ In that period, reviewed by Adams
himself,* the publications of other authors had
appeared only very rarely.

o [964,1965: First Modifications of Carbon
Pastes. The composite nature of carbon pastes
and their easy preparation were undoubtedly
stimulating factors for altering the properties
of originally binary mixtures by another com-
ponent admixed in. Again, in Adams’s labora-
tory,? two such novel carbon pastes had been
born. The first type’ containing an organic sub-
stance dissolved in the binder and serving to
the study the electrode behavior of the sub-
stance itself is considered as a pioneering step
in the field of carbon paste electroactive elec-
trodes. The second one® prepared by rubbing
a modifier into the paste had then represented
apparently the first case when direct modifica-
tion of a CPE had resulted in the aimed im-
proving of the electrode performance.

o [974: Appearance of Carbon Pastes with Elec-
trolytic Binder. The replacement of common
non-electroactive pasting liquids by electrolyte
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solutions” opened the avenue for a specific
branch of the electrochemistry of carbon paste
electroactive electrodes, allowing one to inves-
tigate the redox behaviour as well as various
structural and morphological changes of inor-
ganic compounds dissolved directly in the elec-
trolyte. At present, studies of this kind usually
belong to a special field of the so-called solid-
state electrochemistry.?

1981-1990: The Era of Chemically Modified
Carbon Pastes. The attempts to utilize favor-
able mechanical and electrochemical proper-
ties of carbon pastes for the preparation of a
new generation of sensors culminated at the
beginning of the 1980s. Modification of a car-
bon paste by impregnating the carbon particles
with methanolic solution of dimethylglyoxime®
represents another milestone in the history of
CPEs. It was a first attempt when classic ana-
lytical reagent had served as selective modi-
fier, thus initiating a very successful role of
chemically modified carbon paste electrodes
(CMCPEs) in electrochemical analysis, as
shown in a review covering this period.'® Since
that time, the number of publications dealing
with chemically modified carbon paste-based
electrodes started to grow exponentially and
this trend continued over the next decade when
other review articles had appeared.''!3

1988: Biologically Modified Carbon Pastes as
Enzymatic Biosensors. Hand in hand with a
rapid development of CMCPEs, favorable me-
chanical and electrochemical properties of car-
bon pastes were tested for the preparation of
special sensors containing enzymes allowing
one to monitor some enzymatically catalysed
reactions of biologic substances. The priority
in this area can be attributed to Matuszewski
and Trojanowicz!'¢ who have reported on a CPE
with glucose oxidase blended into the carbon
paste. This way of anchoring enzymes to an
electrode material immediately attracted bio-
chemists and carbon paste-based enzymatic
biosensors had rapidly come to the fore. Retro-
spectively, they have occupied a very signifi-
cant position in the family of CPEs when hav-
ing finally formed a specific independent area
similarly like electroactive carbon pastes in the
electrochemistry of solids. A comprehensive

overview mapping the whole genesis of such
biosensors was presented by Gorton,'” some
other articles have appeared more recently.'3!

e [991: Robust Carbon Composites Competing
with Carbon Pastes. Probably the ultimate sig-
nificant point in hitherto commented chronol-
ogy is a starting inclination to replace soft
carbon pastes by materials of related character
with respect to ease of modifying, but with
more robust matrix.”’ Such a substrate has
proved itself to be convenient for preparation
of screen-printed electrodes (SPEs) that co-
determine the newest trends in electrochemis-
try.2!

The entire history of the electrochemistry with
carbon paste-based electrodes is documented on
approximately 1000 original papers when about
50 to 100 publications have arrived annually in
the last 5 years.?? In this article, the recent period
of 1995 to 2000 was summarized with particular
interest in order to cover the current trends in the
topic since the last comprehensive review papers
of similar focus had been published.'*!>

I. CARBON PASTE AS ELECTRODE
MATERIAL

A. Unmodified Carbon Pastes

Due to a rapid development of various types
of modified carbon pastes, it was necessary to
introduce a new adequate specification. Classi-
cally, all carbon pastes were binary mixtures pre-
pared from carbon powder and organic liquid of
nonelectrolytic character. Now, such mixtures are
classified as bare (“virgin”) or, more often, as
unmodified carbon pastes.'3

For long time, the choice of the main con-
stituents for carbon pastes was rather monotonic
and, in fact, there was no reason to seek new
alternative materials. The properties of conven-
tional paste mixtures from spectroscopic graphites
and paraffin oils were found satisfactory for a
majority of applications, including very popular
modifications. Nevertheless, also in this area, the
recent years have brought some interesting inno-
vations.
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The proper electroactive moiety in carbon
pastes is still graphite powder with micrometric
particles of high purity and distribution unifor-
mity. Such materials are now commonly avail-
able on the market as spectroscopic graphites and
may be ordered from annual catalogues of re-
nowned distributors such as Aldrich, Sigma, Fluka,
or Riedel-de-Haen. These products absolutely
prevail in the composition of carbon pastes used
in recent years. According to the authors’ own
experience, especially suitable are “RW-B” or
“Sigradur” graphites (Ref. 13 and refs. therein)
offered by factories specialized in production of
carbon materials. Usually, graphite powders are
not pretreated further prior to use. Some proce-
dures made in the past and concentrated on low-
ering undesirable absorption capabilities of some
commercial graphites*® seem to be too compli-
cated compared to their benefit. From a present
day’s point of view, it is more effective to per-
form some test experiments with newly made
pastes that reveal excessive absorptiveness of some
graphites.?* Then, it is better to choose some com-
mercially available powders with specially pre-
treated surface exhibiting only negligible absorp-
tion capability.?

As nonelectrolytic binders, two trademark
products of spectroscopic paraffin oils are pre-
dominantly used. Nujol® (Aldrich) and Uvasol®
(Merck) figure in experimental sections of almost
all recent papers (Refs. 13-15,17 and refs. therein).
These non-polar pasting liquids fulfill all the im-
portant criteria; both are sufficiently chemically
inert, insulating, nonvolatile, water-immiscible,
and forming paste mixtures of fine consistency.
However, there also are some less favorable char-
acteristics of pastes made from both oils; for in-
stance, their vulnerability in media with organic
solvents.®!! In this respect, better experience has
been gained with silicone oil-based carbon pastes
that also represent quite common type of pasting
liquid.'3?¢ Another group of binders are some
liquid organophosphates. Although these polar
substances had formerly been used as carbon paste
modifiers,'*!3 their use as binding liquids is rela-
tively new.?’” Recent time has brought some inter-
esting applications of these pastes in practical
electroanalysis.?®-3 Their attractive property is a
high ion-pairing ability. However, one has to be

314

aware of their lesser stability and of rather atypi-
cal signal-to-noise characteristics requiring spe-
cial pretreatments.

Numerous practical aspects concerning the
preparation of carbon pastes, the choice of suit-
able components and their ratio, as well as some
basic rules of using newly prepared CPEs have
been reviewed more recently.? This review also
illustrates that traditional manual procedures of
homogenizing pastes in a mortar are still pre-
ferred despite the fact that ready-to-use carbon
paste mixtures are commercially available (e.g.,
from Metrohm?'). The popularity of laboratory
preparation of carbon pastes can be explained
simply — hand mixing of carbon pastes is advan-
tageous because the analyst can by himself choose
the individual components as well as their mutual
ratio. This is particularly valid for the preparation
of modified carbon pastes.

B. Modified Carbon Pastes

The base of modified carbon pastes is usually
amixture of powdered graphite and nonelectrolytic
binder.!%1315 Another constituent in the mixture is
then a modifier itself. Modifying agent is usually
one substance, but the pastes can also be modified
with two or even more components, which is the
case of carbon paste-based biosensors containing
enzyme (or its carrier) together with appropriate
mediator (Ref. 17 and refs. therein) or CMCPEs
with a mixture of two modifiers.’? The amount of
modifier in the paste usually varies between 10 to
30% (w/w), depending on the character of modi-
fying agent and its capability of forming enough
active sites in modified paste (e.g., functional
groups immobilised at the electrode surface?® or
molecules of an extractant in the bulk?%-39),

In general, the main reason to modify an elec-
trode is to obtain qualitatively new sensor with
desired, often predefined properties. Regarding
this, carbon pastes undoubtedly represent one of
the most convenient materials for the preparation
of modified electrodes.!® In contrast to relatively
complicated modifications of solid substrates, the
preparation of CMCPE:s is very simple, typically
by means of various alternative procedures. The
modifier can be dissolved directly in the
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binder'33233 or admixed mechanically to the paste
during its homogenization.!3343% It is also pos-
sible to soak graphite particles with a solution of
a modifier, and after evaporating the solvent use
the impregnated carbon powder.>* Finally, al-
ready-prepared pastes can be modified in situ.?
Whereas direct modifications obviously provide
special sensors for one-purpose use, considerate
in situ approaches offer a possibility to employ
the same carbon paste for repetitive modifications
with different agents.

Kalcher!® has made a classification of four
possible functions of modifiers that can be sum-
marized in this way:

¢ preferential entrapment of desired species (e.g.,
preconcentration in stripping analysis)

e mediation of electrode reactions via immobi-
lized molecules or their fragments

e acting in catalytic phenomena (catalytic elec-
trochemical responses)

e alteration of the surface characteristics of a
CPE

When considering these possibilities in com-
bination with the above-mentioned flexibility of
carbon pastes, it is not surprising that in the last
decade a number and a diversity of substances
used for the preparation of CMCPEs have grown
in a geometric order. Among modifiers recently
used one can find single compounds,** sophisti-
cated chemical agents,3?37%¢ special inorganic
materials and matrices,*-¢? or living organisms.%3-66
Typical modifiers can be divided into several
groups.

e Chemical Compounds and Analytical Reagents.
Powdered HgO (yellow form) as a modifier
was successfully applied as renewable source
of mercury film generated at the carbon paste
in anodic stripping voltammetry of heavy met-
als.?* Classic analytical reagents like dimethyl-
glyoxime,?” 8-hydroxyquinoline,’>3%% or de-
rivatives of 2-naphthol**#! have been used as
selective modifiers for adsorptive accumula-
tion of selected ions, which is, regarding CPEs,

a practice with long tradition.'®!> Some com-
pounds of this type contained in the paste may
be slightly soluble in water and hence have to
be stabilised against “bleeding” (dissolution)
by fixing with an additional adhesion agent.??

e Jon-Exchangers. A group of substances with
ion-pairing properties has always held a sig-
nificant position among CMCPEs.!*-1> Recently,
cetyltrimethylammonium bromide (CTAB)
served again as a reliable modifier to
preconcentrate and detect some less common
metal species,*”* whereas chromatographic
packing agent “Amberlite IRC-718” can be
recommended for speciation analysis.*

e Clay Minerals (Zeolites and Familiar Materi-
als*™7). These substances of both natural and
synthetic origin represent a group of hydrated
crystalline aluminosilicates that are capable of
acting as both ion-exchangers and “ion-traps”
excluding ion species of inappropriate size.
Moreover, zeolites’!"2 and related materials
(e.g., montmorrilonite,*4%33 or vermicullite*’>?)
also exhibit adsorption and catalytic capabili-
ties. Thanks to these synergistic effects, zeo-
lites have become apparently the most fre-
quently used modifiers of recent years as
documented in Walcarius’s review.%’ Carbon
pastes with dispersed zeolites (up to 50% w/w)
can be employed to study the behaviour of
numerous inorganic ions in their natural envi-
ronment when zeolite-modified CPEs are ap-
plicable to their speciation in real samples.

o Humic Substances.>>>° Extremely voluminous
molecules of humic acid and humates are also
known as very effective ion-exchangers of
natural origin. CPEs modified with humates
have been shown to be very convenient to
detect noble metal ions.

e Silica and Silica-Containing Matrices.%0-?
Current possibilities in production of new syn-
thetic pure and grafted silicas are reflected in
intensive development of CMCPEs contain-
ing these materials. Carbon pastes based on
silica with immobilized inorganic films or
organic functional groups permit one to carry
out selective preconcentration of various spe-
cies or their detection via catalytic response.
Principles and applications of silica-modified
electrodes, including carbon paste sensors,
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were outlined in a review compiled again by
Walcarius.%®

o Substrates from Living Organisms.%3-% Some-
times, carbon pastes were also selected as con-
venient electrode material for modifying with
biomass (Ref. 10-15 and refs. therein). Such
trends still continue as can be seen on the use
of peat moss® or algae® or, more recently,
bacteria® and chitin (horny substance forming
insect bodies®®).

Carbon paste electroactive electrodes (CPEEs)
can also be regarded as a special kind of modified
sensors, although species contained in the paste
do not play role of classic modifiers. The proper
paste of CPEEs is formed by graphite particles
bounded with a small portion of strong electrolyte
(e.g.,2 M H,SO,® or KOH). Newer approaches*
tend to omit these traditionally used solutions as
very aggressive, and attacking the substances ad-
mixed into the paste prior to the commencement
of the electrochemistry as such.®

Finally, even robust (“solid phase”) carbon
pastes are more or less related to a family of
modified electrodes because they have been also
modified. One of the first pastes of this kind was
prepared from fenanthrene’' that was melted,
mixed with graphite, and this mixture left to
harden. Then, after packing in a holder, the paste
was modified in situ. Such solid-like pastes rep-
resent a transient element between ordinary car-
bon paste mixtures and composite solid elec-
trodes!’> and, as already mentioned, similar
matrices seem to be perspective electrode mate-
rial for screen-printed electrodes designing in the
laboratory.

ll. SOME TRENDS IN ELECTROCHEMICAL
INVESTIGATIONS WITH CARBON PASTE
ELECTRODES

A. Construction of Carbon Paste
Electrodes

Typically soft carbon pastes have to be packed
into suitable electrode bodies. Their construction,
of course, depends on the type of electrode (e.g.,
whether a macro- or a microvariant is to be used)
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or after the character of measurement and the
overall electrode cell arrangement (batch vs. flow
systems).

In common experiments, carbon paste elec-
trode holders did not undergo any dramatic devel-
opment in their functioning and design'>"> Still,
the most popular bodies are various glass-, PVC
tubes, and Teflon® rods whose end-hole can be
easily refilled with a new portion of carbon paste
(e.g., 3133424571 Also, simple constructions
equipped with a piston for extrusion of the
paste?*3431 are frequently employed, including
commercially available products from Metrohm.'3
For common CPEs, the actual diameter of the
end-hole forming the proper carbon paste surface
is being chosen from 2 to 10 mm, which is con-
venient for a majority of electrochemical mea-
surements.>?® Both above-mentioned construction
variants of CPEs for batch measurements allows
to utilize fully one of the most valuable property
of carbon pastes — easy and quick surface re-
newal, or, in necessary cases, even removal and
renewing of a larger portion of the paste. Practi-
cally immediate surface renewal can be achieved
by wiping some paste off using a wet filter paper.
If being performed carefully,?*?¢ this procedure
provides surface reproducibility nearly compa-
rable to that attained by rather time-consuming
circle-like polishing of the electrode surface on a
paper pad.>?

More interesting designs of CPEs are usually
reported in association with carbon paste-based
flow cells,’”? electrochemical detectors,” coulom-
etric,”* amperometric,”>’® and potentiometric’’ sen-
sors, or some sensing devices for special measure-
ments in vivo.”’ For instance, electrochemical
investigations on modulation of the electrode re-
sponse can be performed with periodically renewed
carbon paste by means of a special cell with doubled
carbon paste filling.”® Among others, such a design
with intimate surface renewal is very effective in
analysis of organic and biological materials where
the surface of an electrode may readily be poisoned
either with matrix constituents or by electrode re-
action products.!372

A carbon paste electrode with unusually large
surface diameter of 20 mm was reported to be
convenient for coulometric measurements.’ To the
authors’ knowledge, this is the largest active sur-
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face that has ever been reported for a CPE used in
practical measurements. On the contrary, some
authors have described single CPEs whose tip could
be measured in micrometers.” These miniaturized
sensors had been popular in the 1980s, being intro-
duced again by Adams in brain electrochemistry in
vivo.8® Their recent applications are only occa-
sional #1-%3 which is a fate quite similar to that of
carbon paste-based ultramicroelectrodes (CP-
UMEs?#). CP-UMEs designed as a membrane with
micrometric pores filled up with a carbon paste
were found to exhibit sigmoidal I-E curves typical
for microelectrode arrays. In contrast to this, ordi-
nary CPE give rise to normally shaped cyclic
voltammograms. This has revealed that whereas
CP-UMEs offer an ensemble of isolated carbon
active sites thanks to their separation in the mem-
brane pores, the corresponding active sites around
carbon particles in the reference carbon paste are
merged in one large surface region behaving like
that of common solid macroelectrodes.’*#

Today practically forgotten ensembles of CP-
UMEs were, however, worth to mention because
of their significant contribution to clarifying the
behavior of carbon paste electrodes with insulat-
ing binder. Some newer insights into the impor-
tant aspects of the characterization of CPEs are
summarized below.

B. Some Advances in Characterisation
of Carbon Pastes

1. Physico-Chemical and Electrochemical
Properties

The nature and behavior of common carbon
pastes can be portrayed by means of the following
physico-chemical characteristics:

heterogeneity (composite character)
lipophility (hydrophobicity)

low ohmic resistance (high conductivity)
instability in nonaqueous solutions (disintegra-
tion)

ageing effects (limited life-time)

These properties are closely connected with a
specific microstructure of carbon pastes. Recently,

some newly made real images of the carbon paste
microstructure have been presented based on scan-
ning electron and optical microscopic observa-
tions.?>31348 The images have confirmed the conclu-
sions of the previous studies (see review?’) that carbon
pastes represent mixtures with rather unconsolidated
structure where the graphite particles are practically
covered with a very thin film of the binder. Neverthe-
less, the individual graphite particles are apparently in
some physical contact beneath the binder layer, which
may explain a very low ohmic resistance of most
carbon pastes (varying in ohms, max. in tens of ohms?2),
An alternative interpretation of their surprisingly high
conductivity can be due to a “tunnel effect” similar to
that known for semiconductors.®’

The hydrophobicity is apparently the most
frequently reported property of carbon paste-based
electrodes.'!"!317 The lipophilic character of both
CPEs and CMCPEs results, among others, in spe-
cific reaction kinetics of many electrode reactions
of organic redox systems. (Behind their moder-
ated rates is the repelling effect of pasting liquid
hindering the access of hydrophilic species in-
volved in the electrode reactions toward the car-
bon paste surface.'?) Reaction kinetics can also be
affected by the quality of graphite itself similarly
as with related carbon solid electrodes.* Finally,
even the carbon-to-pasting liquid ratio can play a
significant role in this respect. Detailed interpre-
tation of these phenomena and its consequences
is, however, out of the scope of this article and
can be found in the fundamental report from
Adams et al.%® or in some newer papers.?+¥

Carbon paste mixtures may undergo signifi-
cant changes in time (“‘aging” of CPEs). This
feature, in the literature being mentioned only
rarely, has been found characteristic for carbon
pastes made of some more volatile binders such
as organo phosphates.?’” Such undesirable behav-
ior has confirmed logical assumptions that aging
of carbon pastes is associated solely with the
properties of the binder. Until now, any similar
role of graphite has not yet been reported.

2. Specifics of Carbon Pastes

Physico-chemical properties of carbon pastes
are always mirrored in the overall electrochemi-
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cal behaviour of CPEs, resulting in some special
features and benefits:

e very low background currents (favorable sig-
nal-to-noise ratio),

e individual polarizability (with variable poten-
tial window),

e specific reaction kinetics (affected by both
carbon paste constituents),

e clectrode activity at the carbon paste surface as
well as in the carbon paste bulk,

e variability in utilizing various interactions
and their synergistic effects at both CPEs
and CMCPEs (electrolysis, catalysis, adsorp-
tion, extraction, ion-pairing, and their com-
bination)

e various alternative procedures for pretreating,
conditioning and regenerating the electrode
surface and carbon paste itself.

The individual specific features are discussed
in all fundamental reviews devoted to carbon paste-
based electrodes'*!>!7 or dealing exclusively with
their characterization.?0%’ Herein, only selected
aspects are noticed and commented in more de-
tail.

3. Processes and Interactions at the
Carbon Paste Surface and in the Carbon
Paste Bulk

For a majority of substances the electrode
processes connected with mass and charge trans-
fer at CPEs are usually interpreted as interac-
tions at the interface “binder layer | graphite
particles | solution (electrolyte)”, which applies
also to the above-mentioned electrolytic acti-
vations. Interactions of this type can be moni-
tored either as both faradayic and nonfaradayic
current signals in voltammetry, coulometry, and
amperometry, or by means of chemical equilib-
ria in potentiometric measurements. Some mod-
els combine the principles of mass- and charge
transfer with specific transport conditions at
CPEs. This is the case of so-called “membrane
model” assuming extraction (penetration) of
some highly lipophilic molecules through the
liquid binder layer.®
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a. Electrolytic Phenomena at Carbon
Pastes

Polarization of Bare Carbon Pastes. In
voltammetry, the polarizability of carbon pastes
was for a long time believed to depend on the
functioning of graphite and the role of pasting
liquid was considered as less significant, influ-
encing positively only the background currents
level. Recent studies on comparing several CPEs
prepared from identical graphite and different lig-
uids have shown that polarization limits of a CPE
can be controlled effectively even via the choice
of the binder. For example, tricresyl phosphate-
based carbon paste was found to exhibit extreme
polarization limits and could be polarized from
-2 to 42 V in an ammonia buffer.?” Such an
interval was absolutely unattainable with CPEs
from Nujol- and silicone oils and, it is atypically
broad for any electrode in aqueous media. A very
wide potential window, especially in the negative
potential range, was obtained also with a carbon
paste containing lipophilic phthalate.?’ Thus, it
suggests that this property has some general va-
lidity and seems to be useful to employ these
carbon pastes as the working electrodes for ca-
thodic reductions. For this purpose, paraffin and
silicone oil-based CPEs do not offer very good
performance and are recommended rather for
measurements within the anodic potential
range.>>!"15  Cathodic polarizations with com-
mon CPEs suffer, besides their higher background
due to a limited hydrogen overpotential, from the
unwanted response of oxygen contained in the
paste.>313 Coincidentally, lipophilic esters-con-
taining carbon pastes were found to exhibit —
during cathodic polarization — atypically low
signal for oxygen.”” Its lowered content was at-
tributed to a specific carbon paste structure.” Also,
this observation has implied a suitability of such
pastes for measurements at negative potentials.

Electrolytic Activation. Either anodic and
cathodic polarizations performed at extreme po-
tentials or anodic-cathodic cycling are still popu-
lar procedures to pretreate the surface of carbon
electrodes, including CPEs.*”®

In the case of carbon pastes, processes and
phenomena associated with activation at positive
potentials (anodization) are mostly interpreted as
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a partial oxidation of the surface of graphite par-
ticles exposed to the solution. During their activa-
tion, various oxygen-containing functional groups
are formed and instantaneously protonated (see
Figure 1).

Owing to this, these fragments become mark-
edly hydrophilic and repel hydrophobic molecules
of the binder. Thus, anodization leads to a removal
of the lipophilic layer of pasting liquid and results
in the principal changes of surface conditions at
CPEs. Their surface becomes hydrophilic and be-
haves, more or less, like that of solid graphites.?
This is of principal importance in organic electro-

GRAPHITE

LIQUID
BINDER

UNACTIVATED

CARBON PASTE
SURFACE

chemistry where the anodization procedures may
significantly improve often unfavorable reaction
kinetics at CPEs and remove the undesirable reac-
tion products from the electrode surface. In addi-
tion, anodizations can also be a very effective way
of enhancing the electrode sensitivity.?%

Parent cathodic activations are much less fre-
quent and available literature sources hide only a
few notes about their eventual applicability. De-
spite this, the recent results confirm a high effec-
tiveness of cathodisation, for instance, for sup-
pressing undesirable background currents within
the potential range of interest.?%3

PARTIALLY
OXIDISED
SURFACE

ACTIVATED

CARBON PASTE
SURFACE

FIGURE 1. Anodic activation of the carbon paste surface. A schematic view.
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An alternative description of the electrochemi-
cal reactions at CPEs and their influencing by
electrolytic activation is based on a pinhole mecha-
nism.’! The model postulates that the binder layer
contains many small pinholes facilitating the
charge and mass transfer. Their radius is practi-
cally independent of the carbon paste composi-
tion, but may vary in consequence of activation of
the carbon paste surface. Some later experi-
ments”7® showed that applicability of the pinhole
mechanism is rather limited and it applies only to
some highly hydrophilic species, whereas more
hydrophobic substances tend to penetrate through
the uniform layer of pasting liquid phase accord-
ing to the above-mentioned membrane model.

Electrolytic Preconcentrations at Carbon
Pastes. CPEs can also be utilized in stripping
analysis for potentiostatic accumulation of se-
lected heavy metals and metalloids. In these cases,
it is advantageous to arrange carbon pastes as
substrates (supports) plated with either Hg or Au
films. At these electrodes, the corresponding metal
ions are reduced and deposited in the elemental
form either via effective amalgamation with mer-
cury or thanks to the affinity towards gold sur-
face. The proper detection of accumulated spe-
cies is then carried out by their reoxidation in
anodic voltammetric or potentiometric stripping
mode. As documented in a recent review,”? both
Hg- and Au-film plated CPEs may provide a per-
formance similar to that of other carbon or metal-
lic electrodes commonly used for electrolytic ac-
cumulations (glassy carbon, mercury drop,
platinum, or gold disk).

b. Interactions of Non-Electrolytic Nature

Adsorption, Extraction, lon-Pairing, and Their
Combination. Whereas electrolytic processes as-
sociated with charge transfer require, in principle,
the presence of electroactive sites (i.e., carbon
particles), nonelectrolytic interactions may pro-
ceed — independently on functioning of graphite
— in pasting liquid phase or in contact with a
special modifying agent.!'3%7

The role of the binder in nonelectrolytic phe-
nomena is rather marginal as far as the adsorption
interactions are concerned. At carbon paste sur-
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faces, adsorption is facilitated mainly via modifi-
ers or by a suitable carbon material.'®!* Carbon
pastes as such do not offer any special adsorption
capabilities compared with other electrodes.

In contrast to this, extraction of nonpolar sub-
stances onto the electrode bulk is very typical and
even unique property of CPEs if one does not
consider some special constructions of membrane
sensors.® Extraction processes at carbon pastes
are governed by differences in solubility of ex-
tracted species in liquid binder and the respective
aqueous phase (supporting electrolyte solution).
The resulting distribution ratio then defines the
overall effectiveness of extraction that can be
controlled via the carbon paste composition, ex-
perimental conditions (e.g., pH of the electrolyte
and its eventual exchange during measurements)
or by chemical structure of the substance itself.!>%7

Extractions at CPEs can be combined with
adsorption and, more often, with ion-pair forma-
tion. Common paraffin and silicone oil contain-
ing carbon pastes possess only very limited ion-
pairing capabilities. Above-mentioned carbon
paste mixtures made from tricresyl phosphate
(TCP-CPE) are much more convenient. In acidic
media, its polar molecules are readily protonated
and form ion-associates with various voluminous
anions such as tetrachloroaurate?” or iodide.?$-*
These relatively stable ion-aggregates are well
extractable onto the TCP-CPE bulk, thus provid-
ing a way for their effective accumulation and the
subsequent selective detection of the electroactive
moiety.”” Regarding CMCPEs, surfactants with
long lipophilic chains were repeatedly recom-
mended as particularly suitable modifying agents
for accumulations based on ion-pair formation.
Figure 2 depicts two typical variants of these
modifications.

Cationic surfactant (Figure 2a) like cetyltri-
methylammonium bromide thus may entrap vari-
ous anions such as I, Ti'VO(C,0,),> or MoO,*
294245) - whereas, for example, sodium n-alkyl
sulfonate (anionic surfactant, Figure 2b) binds
effectively some organic cations®' or Ag* ions.?®
Because both quarternary ammonium salts and
alkyl sulfonates are soluble in water, it is neces-
sary to apply in situ modification. The methods
utilizing both ion-pairing and extraction at carbon
paste-based electrodes can purposely be arranged
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FIGURE 2. Carbon paste modified with cationic (a) or anionic (b) surfactant.
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for voltammetric stripping analysis, measurements
in flowing streams or for potentiometry (recently
as automated titrations'>or computerized stripping
potentiometry3?).

The variability of the processes and interac-
tions at carbon pastes is very useful in both theo-
retical and applied electrochemistry as they allow
performing some special measurements as well as
highly selective and sophisticated analytical de-
terminations. Their survey emphasizing the re-
cent progress is given in the following sections.

C. Main Trends in Electrochemical
Studies Employing Carbon Paste
Electrodes

As the majority of electrochemical investiga-
tions have been carried out with modified carbon
pastes, it is quite difficult to comprehend all the
advances made recently. Studies with CMCPEs
are focused rather individually, depending on the
type of modifier, method of modification, and its
purpose. Nevertheless, main trends of such a re-
search can be illustrated.

Several research groups have achieved a great
progress in the area of clay-modified carbon
pastes.*’7 Their detailed studies were, for ex-
ample, dealing with defining the ion-exchanging
capacity of various types of zeolite and zeolite-
like materials, or mechanisms of ion-exchanging
processes for different forms of one species to be
analysed. At present, proposed methods are al-
ready being successfully applied in practical analy-
sis.’

Numerous investigations were focused on the
characterization of sensors modified with some “fash-
ionable” materials such as fullerenes,®? calixarenes,**
metallothioneins,” or Ru-(bipyridyl),**-based sys-
tems.”® Extensive research work has been done on
carbon paste-based biosensors, covering now approx.
50% of all theoretical studies performed with carbon
pastes.”? In this field, a special review can be ex-
pected soon.

In solid state electrochemistry with CPEEs,?
various studies on minerals and ores are of con-
tinuing interest; for example, pyrite pulps (with
traces of Ag and Hg"’), manganese ore,”® galenite,”
or sfalerite.!® Defined electrochemical behavior
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may sometimes provide information useful for
more effective exploitation and technological pro-
cessing of strategically important ores.

Many attractive applications have resulted
from electrochemical investigations of various
organic substances such as environmental pollut-
ants, surfactants, food additives, biologically im-
portant compounds, or numerous pharmaceutical
formulas. The individual methods for their de-
termination are surveyed in Section IV.

Finally, some modified carbon pastes can also
be chosen as a substrate for rather unusual inves-
tigations. For instance, electrochemiluminescent
reactions of persulfate in aqueous solutions could
be studied with a CPE modified in situ with Ru-
compound as catalyzer.”® Another CPE with added
chlorin-fullerene was capable of producing some
photocurrent, thus serving as a novel type of solar
cell.”

IV. ELECTROANALYTICAL
APPLICATIONS OF UNMODIFIED AND
MODIFIED CARBON PASTE
ELECTRODES

A. Inorganic Analysis

Table 1 surveys the applications of both CPEs
and CMCPEs in inorganic analysis reported within
the period 1995 to 2000; earlier publications were
included only exceptionally (e.g., '** as hitherto
unnoticed in the previous reviews).

The data summarized in Table 1 underline the
individual trends and advances overviewed in the
previous text. Among measuring techniques,
modern variants of stripping voltammetry have
prevailed; they are mostly performed with power-
ful computer-controlled analyzers. Their effec-
tive combination with carbon paste-based detec-
tion systems allows to propose analytical
procedures with excellent detection capabilities.
The values of detection limits cited in the table
have rather informative character; nevertheless,
they indicate roughly the performance of the cor-
responding methods. Typically, the detection limits
were declared as an estimate for accumulation
time varying from 1 to 15 min (except 120 min
period reported in Ref. 28).
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In published determinations, CMCPEs have
played a dominant role when representing about
90% of all applications. Especially those modifi-
cations enabling complex reactions with organic
reagents (e.g.,’8-4L116123) or gselective ion-ex-
change*-43:119-122 were found attractive. Some other
methods were based on measurements of
electrocatalytical activity.!?7-131

Application of both CPEs and CMCPEs per-
mit to analyze a wide spectrum of materials of
diverse origin: from biological tissues,*3# via tech-
nological and commercial products,3104109.128 yp
to various environmental samples of a solid,!'!!
liquid,*-118129 or gaseous'!! state. Using carbon
paste electrodes, one can analyze either friendly
materials like spinach® or extremely dangerous
substance — unstabilized lead azide.'**

Quick and inexpensive trace analysis of
samples with complex matrix requiring only mini-
mal pretreatment has been demonstrated using
carbon paste electrodes coupled with computer-
controlled stripping potentiometry.3*!1°! So far, this
is rather seldom application because stripping po-
tentiometric stations are still preferably equipped
with conventional solid electrodes and their em-
ployment in inorganic analysis is relatively lim-
ited (mostly on determinations of metal ions!32133),
Thus, carbon paste electrodes can offer numerous
alternative methods, including specific procedures
based on synergistic nonelectrolytic accumula-
tions or electrocatalytic effects.’*!"! Herein, a
number of originally voltammetric methods can
simply be adapted. And with respect to the fact
that in analysis of real samples, potentiometric
stripping analysis is often superior to stripping
voltammetry,'3>!13% one can expect even further
improvement of so “novelized” methods.3*136:137
It seems that such an approach may represent one
of the future trends in using carbon paste-based
electrodes.

It can be concluded that carbon paste elec-
trodes still held a prominent position in modern
electroanalysis of inorganic ions and molecules.
In particular, the development in the area of
CMCPEs have brought a number of new methods
and interesting procedures such as speciation
analysis with clay-modified carbon pastes for
monitoring of heavy metals and their migration in
the environment.%’ Practically endless number of
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reagents and materials usable as modifiers in in-
organic analysis suggests that further expansion
of various types of CMCPEs can be predicted
even at the beginning of a new millennium.

B. Organic Analysis

Table 2 surveys the selected applications of
both bare CPEs and CMCPEs use in organic analy-
sis covering the period of last 5 years. As there are
different approaches to compile a representative
table for classifying published papers, the type of
analyte was chosen as the main classifier. The
other classification could be based on already
mentioned bare CPEs or anyhow modified CPEs,
which could be done either by using different
modifiers of the carbon paste composition, differ-
ent mediators of the electron transfer during redox
reactions taking place in the solution, enzyme, tis-
sue, or cells modifications or immobilization on
CPEs, by using redox polymers covering, etc.

Behind the widespread use of carbon pastes
in organic analysis several reasons can be identi-
fied. From the chemical point of view, it is mainly
the wide freedom in choosing the composition of
carbon paste allowing to tailor it for expected
analytical use enabling either to highly increase
the sensitivity of the determination or simply only
to enable it or to suppress the interferences or to
establish high selectivity of the determination.
Nevertheless, also bare CPEs are still widely used
in organic analysis, mainly for direct determina-
tion of oxidizable pharmaceuticals in different
pharmaceutical formulations or some easily oxi-
dizable phenolics, aromatic amino derivatives, or
similar compounds. The limit of determination
reached by direct analysis on bare CPEs is usually
from 1 X 10 to 1 x 107 M; when accumulation
of the analyte on the surface of the working elec-
trode takes place, the limit of determination drops
to the concentration of 1 X 108 M. By choosing
appropriate analyte preconcentration techniques,
the limit of determination can further be signifi-
cantly lowered. This is the case of especially gua-
nine or adenine oxidation-based determination of
DNA or RNA using potentiometric stripping
analysis with adsorptive accumulation where the
reported limits of determination are actually at the



[SisAjeu® pooy]
91 W 0l Xp dAV ‘VII UOLIEPIX0 9S0JONIY Pajerpow (xordwos YAdq)sQ pue HUA)

{sopduies Asuoy |
Syl W .01 X8 dNV ‘VId UONEPIXO 3SO)ONI] PajeIpauIoU (1A4 ‘eseuadorpAyep OOJ) 9s0)o1Ig

[wnias] sye1n) jourd 7 “asoonn) SUeIJUISUT UOTIBN (ore11)
2l poud ¢'T 2QH [ouy 00T vIid uononpal LN dNA1e1eds0n9[9 (suaooird) pue aseprxorad) 9s0on[nH
PR ——— a,o:m%oﬁ [T10 urgyered] (suaooirdy pue
24| W 01X~ dINV JRIQOIDIW “UOTIEPIXO 35003 dOD 09 s190 131 snj[id1edsy)
|Apmis uoneZIjIqe]s 10ZUds]| .
Tl W01 X7 dIAV ‘AD Sunerpat Xopar  SO/,,50 (zewkjod sQ pue [Ad ‘AOD)
winx
Il W M.S M&m ~ dINV ‘VI1 JUSTUSINSBIU! JUSLIND JIPOUR (u2213 suajAylowt ‘qOO)
[syup] opOID3[2 SWAZUAIq [Dad] (sussorrdyAyourp

o1 W vow X7 dNV JUSUISIMNSLIU JUILITIO JATJONPII - 1°1 ‘ddH ‘doD)

[sopduzes jopou] [110 uyyered|
6¢1 W ,01XT dNV 3unerpow 19)sueny 9 suoumnbign (1orerpowr suoumbign ¢ qOD)

| sordures japou|
8¢l N .01 X T dNV Sunerpaur xopar  SQ/,,S0 (xorerpowr rowkjod SO ¢ QD) 9s0on|0)

SapLIBIIES
[30purq prmbr]
RN [o1dures] anbruyooy poylw 3y} Jo (1913rpOu) Nhreuy
] uonoaed Suumseapy (s)ardiounrg apono91s Jo odA L

sisAjeuy o1uebiQ ul sapou}a9|g alsed uoqie) jo suonedljddy pajosjes

1102 Alenuer /T 9% :ZT @I Papeo |uwog

¢ J1avl

329



(o1p1087)

861 W, 0l X8 dINV UONEPIXO0 HVN ONAJEIEd01103]0 (POT ‘HAV) Suneod dvd pue add HO¥
[sofdures jopouw| [110 suooiIs]
LST W ,01 ~ dNV ‘VId 19Jsuel) @ PaJeIpawl pue JodIIp (198 xopar s ‘Tdd ‘d¥H ‘HAV)
o]
9¢1 W 01 X6 dNV HAVN JO UOHEPIXO O1AJe1e001300[d (ourzenpouoyd ‘HAY) HO¥M
S[oYoIY
[3oml a8ueio] TONB[NWNo0E
SS1 18w €0 ASV MS [erogpIoIuL ‘9FUBYOXD WNIpawW (3yeyns pesy) PIoE O1[eXQ
[Sjusamsesw OAIA U]
W sos[nd jo aouanbos 0
vS1 01 X (F0)8 pue (VV)0I Add Aq uonepixo yv ‘uononpai £Q [1r0 suoorfis] (AdD parean pidif)  ‘pIoe 01qi0dsy
[sojduaes [apouu]
€61 N L 01 X1 VI UOLEPIXO YV d1A[esed (10213 dud[AyIoUI)
[soomlymy]
T wdd gg ASDdA UOIBPIXO PIsAeIed outuekoofeqyd- 0D
{warpaw [DEN-HO®N]
751 W, 01 X1 d dd) vo uondiosuayd yy [eyereaqdi £1000s11p] PIOE 211098y
[170 unjered IO UCOI[IS]
[sy101q woneuoUIId)] uonosnpal ‘O'Y — IdH (sowrAjod xopeI ‘THd ‘dYH ‘oseprxo
161 'dsar ‘N, 01 x(01) 001 VId ‘mononpal (+)(IVN pajerpaur oyejor[-T ‘oseusfoipAyep ojepor[-(q) LT -
(Tro [esaurj
[sordwes jeoruro] uoneprxo HAVN (HQ'1 + HAVT 10 HAV'T ‘siojerpow
0S1 W .01 XS AD Io/pue STV SWAZUIq IO -OUOW saxapdwos [ApukdAjod o))
[umipawr uonBIUuSULID] | {110 suodIfis| (19d
6v1 W ,.01 X¢ dAV ‘VId u0110939p LQ°H ‘dYH ‘POT ‘UonEOYIpOW dWAZUDI])
8v1 W .0l XT VId ‘0 10 “Q°H spIemo) SISATe)ed 1 (mqowwtt pOT ")
[sourm pue sy Inos | Liro urgyered) (PO
Lyl W .01 X 1 JINV Sursuas YO 2ANBPIXO ‘oumruefooreigydAxoyiaeioo (J1)0)) Aeoe]

SPIV JMAX0qe)) pIIMNSqNS pue dN[AXoq.ie)

1102 Alenuer /T 9% :ZT @I Papeo |uwog

(panunuod) g 31av.L

330



I[ UIsudjoisuy

[serdwes japou] ‘urssaxdosea
691 N (0T ~ vSd UOTJEPIXO dNPISAI QUISOIA) 10 jesourur] -[[8[s4£7]
801 UOTBPIXO SAY) OIJA[BIBO0NII[D FdDWN d9dSLIN-IS AUINSA)
|sardures fapotu | suoryrenin
L91 T 8w (D)9 pue (SAD)¢ ~ AD ‘dNV uonepixo sajijeue d1A1LILI0109]d [rro uygered] (Orada-(pny) QuIdIsA)
SpIoE OoulWe
991 N ,01XT A uonewto} xojduwos isang-1s0y (s1oy30 UMOId) Furarejuod §
[umas uewny | 3SBUISOIA) JO (9SBUITOIPAYIP SUTUR[RTAUSJ-T aurueye
91 W0l X§ dV SuI[oAo0I [BOTWOYD0IIOO[/OTBWAZUY  ‘OSBUISOIA) ‘OSBJAXOIPAY 2)BJADITES) -[Auoyg-1
|pooy ‘sajdwres [edrs0701q] UOoNOdNIISUOD
LL W .01 X | dHD QUBIQUIOWI JATJOI[OSONIUBUD [0 uyyered] (umxaporas-g) ujoIg-
|ounn uewny |
v91 W ,00XT AMS uonepIxo dnAJeied proe oun [110 resourwr] (HdD dAd)
[mnias]
€91 W .01 X ¢ dAV ‘VId O Jo uononpai onewAzud (dyH ‘eseonn) proe oun
[wnias onayuAs ‘wonosafur]
791 qudu g ASPY ueos oIpoue ‘quouneaneld orpoue 4JD [uipyered pijos] uegdoidAiL
spunoduro)) 31[2430.19)9 “‘sapndag ‘spry ourury
(asoonjn
[sordwres jopow] ‘HOM)
191 foud | dAV ‘VII‘AD  uonepixo HAVN d1Aejed0nd9)e [fofnu] (usa13 susjhyiow) HAVN
[[10 uiyered)
[soydures fopowr] (HOW) W (Hav ‘“103erpowr JAN ‘anjq
091 ,01 ~ ‘W (HAVN),.01 X T dNV uonEPIXo HAVN ONA[eIed019[d o[IN) AdOW 9reydsoyd wniuoonz  HAVN ‘HOM
[dniAs jpenxs jue[d] UOIEPIXO QUIUApPE

651 W 01 X¥ dNV ‘uonepixo HAVN dnA[eieoonoop  sowkjod gdd ((HAVN pue HAID) 10120410

1102 Alenuer /T 9% :ZT @I Papeo |uwog

331



(@) weaymnsiq

[sormagmens] UuorepIxo pue
81 W .01 X (@) T pue (L) L ASPV ‘Addd A[eue ‘uonenunooe dAndiospe Jojerpowr autueAsoreiyd 1[eqo) (1) wenyy,
SapNsad
yead ouruend jo aoueleadde
[Bursuas uoneziprqAy] : .
181 Tursu g7 dHD Aq uonewo} xaydnp jo uonoajop AdD uo 2qoad sursour Jo ‘gqowl VN
sajdures [apout
081 _ w‘qﬁ.wwm g vSd uonenuasuodaid aandiospe [110 1eIRUTI] VNd
[sojdues japou] 93UuROX3 WINIPoUI
6L1 W 01X AMS ‘4D Jo yuoweanaid sAiepIXO [110 uggyered) Uurapy
| sojdures Japoun] i ]
8LI 3d g9y dINV V14 UONEPIXO uIUend (1o resouru] VNI ‘VNd
[sajdmes [apoun] (110 Jeseurw] royeorpur | f(uayd)o) parelaI (]
LLT N 01 X ¥ vSsd uonezIprigAy 1931e) “[iqouuI 9pHO[ONUOSIO -AIH) VNA
[sopdwes jopow] .
oLl JTwrdu o7 VSd UONEPIXO durueng (1o Terourw] VNY ‘VNA
SLI Tursu g vSd UONEPIXO duruens (110 Teseurtu] VNd
[sordwes [opour] ongnamooe
YL W ,.0l X ¥ VSd aandiospe ‘quauneanaid orpoue O [J10 TeIoUIL] VNI
VNY ‘VNd
eLl W ., 01 X €7 dAV "AD VId JESIDYI0199]9 (19qe] asereydsoyd surjex|e) Ds]
[sadures [opoui] QUISOIA) sapndad
L1 W .01 X¢C vSd Io/pue ueydoydAn jo uoneprxo [f10 erourur] dAndBOIg
[sordwres Japow] ddD parednoid urqosoAu
L1 W 01 X7 vSd AJeoipoue uo uone[nwnooe sandiospe [T10 [eIouTa] ‘urmsuy
uor)d9)3p (a1eydsoyd jAxopul
0LT N .01 ~ ADV oSpur ‘y1g “uauneanid oipoue -¢€ ‘D31 pajoqe] ossereydsoyd ourpeye) 03[ uewngyg

(panunuod) g 31av.L

1102 Alenuer /T 9% :ZT @I Papeo |uwog

332



L61 [S193¢%] ‘s193q] dNV SIOSUQSOI( 2nssi] jur[d [Toinu} (ssepixo jousydAjod) SjourA®R]
[suoneredaid
ururej A nw]
961 W ;.01 ~ ASPY UOTIEPIXO [BOTWIAYO0I}0D]d [jofnu] SPIOUOA®] ]
[1o1eM IOALI]
$61 W 01X9 VI UOIBINUINOJE AATIORIIXD [aseuisoify * 1) 01 01D)
|191eM B)SBM “dE]] 4dD
61 W .01 X¢§ ASVY pajeanaxd Ajjesipoue uo uorjdiospe (urpgered prjos)
10784 JOALI] uoronpar [0 uygered]
€61 W, 01 ~ dAVY ‘VId [e21WIaY001109]d s[esiper Axouayd (1991981 °0°H ‘ddH)
|sordures [BIUSUWIUOIIAUS |
761 W01 X7 VHD uoneNWINIdR 91A[RIEd0Iq (oseursoify)
[Ta1eM JOATI)
161 T3 ,01 X~ dNV Sursuasoiq ‘gds our uo (asBUIS01AY) sjouayd
[sonowsos} uonenuadsuodd1d sandiospe SOAIIBALISD
061 _.A.mE L00 Add uonepIxo sjk[eue [110 uryyered] suoumboIpAyy
BRITOLELTE |
UONRUIULIDIP
[Aesseounurur (enp] Joqe] XOP31 UOT WINFUIO0}eqod [enqreqoudyd
681 ‘881 W,0IX T AMS puB WNIUOUIULIUID0LIR) (uoyeN) ‘arojAuay
UOMEpPIXO [EITUdYI0I}I3]D m—uﬂBOQEOO pare[ar
L81 W 0l Xt ASPY ‘voneutro} soxa[dwos isang-isoy (s1o135 umord) uoneqiey]
| sa1eZATOIPAY SuljeN[e] UOI)BULIO] soydoqre)
981 'dsa1 ‘N 0T X [ pue § A soxa[dwos pueSi-([1)o) paxiw (o3eApuiAdip- 7°Z(11)0D) ‘duojesoyd
[s131em TRIMIBU °S[IOS]
S81 ‘p81 W 0T X ¢ AMS ‘ASPY uononpal [edUayo0no9]9 (eoI[is) uoniuejey
(A) urrue
[xerem Supjuurp]  urd -01IU-¢-aN-7
£81 01 X (W) ¢ pue []) | ASPV UOTIEPIXO [2I[WYI0IJI[D (81 D) (1) [uAxof

1102 Alenuer /T 9% :ZT @I Papeo |uwog

333



[ouLmn aurAoq|

112 W 01 X T Add UONBPIXO [ROIWIdYI0IIOA[D (uoyeN) [0XIMqUR)

|sojdwres [apour] {110 jexduiur) SSup

01 W (01 X§ dHD uoneesraur duizeryouoyd-yNq (VN@) auIZeryjouayq

{ounm| 100010879 wyonsy

607 W, 01 X7 ASTASV UOT)BPIXO 9)ATRUR [ROIIIYIOIIII[D o1sed] (ursar a3ueroxs uoned) aurrgdojAusyg
| suonBINULIO) | {jolnu] (sjueioeLIns ‘sproe

80T W01 XT ASPY UOTIBPIXO 9)ATBUR [BIIWIYD0LII9]d Ayej se saouesqns orqoydoipAy) ORUDJO[O20Y

[tuniss *ounmn | sonogqnue

L0CT W .01 ~ ASDA UOTIRPIXO 2]AJRUR [ROINIAYO0I}I[D (proe Aye)) unrodsoreyda)

S[E2INAdBWIRY

[ouum (poe oum)

90T uewny] (W , 01 XOW OTXE AMS uotsnjour-031eyd ‘uonezipoueard (uoyeN) [Ae10] sutwredo

[Aprus Ayiqess 10zues) , (sfouayd)

(<174 N 01 XS VId Sursuas suouinb [urgzered prjos] (eseu1soiky) autedo(g

$0C W, 01 X ¢ dINV BuISuUas01q pPajeIpauiou (eseprxo jousaydAjod anssn ojejod) aurwedog

[saqdures popou] (aseUISOIA]) sauTwe

74 3d 067 dod-D'1dH UOTEPIXO [EOIUIAYI0199[o HdDWDO P1os 10499380

[serdures [spoutr| *ALIOP JUIPLIOE

€0C N (01 ~ Add VN 01 uUone[BOISIUl S21A[EUE [ourjasea jeonmnooeweyd] (VN pue uIgoele))

[sIsA[eue pooj I0] sjopouu] yead uonepixo [[ro uipyered] uonesnluod Apoqnue ST[99

702 ,TUr's[ad o[ x g Add fousyd Suumseswr uo paseq ‘Vig pajeqe]-aseeydsoyd surmeyje e[ouowes

Jouaydoniurp

107 W01 XT¢ Add ‘AD dnoJ3 onu Jo uopINPaAI (1apmodapry) -9“p-TAYION-T

|191eMm B3s |
00T ‘661 JT8w 70 Add ‘VII UOIjONPal [EITUAYI01I3]d (911u01U9q) JouaydoniN-g
[uonyeredsid UTwiRTATI NI UOJRUIUIIS}SP
861 W 01 ~ VI ‘ASPV 28uByOXO-WINIPOW PUE JOIIP [1oyr0jAucydip 10 [0fnu] SPIOUOA®R[]

1102 Alenuer /T 9% :ZT @I Papeo |uwog

(panunuod) g 31av.L

334



sauizeryousyq
vZz W (0T ~ Ada uoneeIINuI YN(I-3nIp [vNal ‘ourdozy
[ourm ‘sjeonnaseunreyd|
€T W 01 X1 VLI ‘Add ‘AD UONEPIXO INA[RUE [EIIWIYI0IIIN [1ro uipgeed] surgdioudidng
[suonejnuiioy aunm] AMS
[444 W 01 X8 ‘Add ‘ASPV u1sozeld jo Uuonepixo (80)
|ounm ‘s19[qes | dooms d1poy)ed
170 W, 0 x¢ ASPV Aq PoMOJ[0] AW )G/ e UoHE[NWNoOE (uotyeN) uisozeld
[ourin] JJURYOXd WNIPIW  “"WNdde
072 EF ¢-01 u_n s A QAIIOBIIXS UOTIBPIXO [ROTWAYOOIIOID (110 103885 10 SUOOI[IS 10 [olnu] UIDBIOWOPU]
ounn
617 W 0l X8 AMS ‘Add (uneros) WEU0dNZY
[sunnj
S12Z s 01 X 01 ASPY uononpal dnoid ION [eOTIAYI0IO9[d (gaqy/uaifysArod) SPIZeXOINJIN
11T SUOTdBISIUI SMIP-VNJ VSd AD uoIje[edIdaul v N(-uloAwounep VNQ) uroAwouneq
QUIZBPLIOIY ],
[s101q81] ourwerdrunz], " osutwrerdiwiry
PUE [ .01 X [outjaseA [esunooeueyd] M
912 outzepuoryl, W 01 XL ASPV ‘Add ‘AD uoneuwlo) sexo(dwoo uorsnjout (ouLnxaporo4ka-¢) surwesdruy
['s 1019 “speonnadseuneyd]
S1? W 0] X1 A UONBPIXO [BOTWAYD0I}0D[d (proe Anej) ourweldrug
[suonenuLIO} ‘duLm | ASPV
1454 W, 01 X¥'L ‘AMS ‘Add UONEPIXO UISOZBXOP (80)
[suonenuiIoy ouLm ]
€17 Eﬁ:.oﬁ M 4 AMS ‘ASPV U0ONpal [ESIUISY01)99]9 HdOW XeUa], “HdD dIeq UISOZeX0(]
WIS
4% W01 X¢ AMS VId 2annaduwod HdD Papeo] uoyeN ‘joue)oo-| ur0jAusyq

1102 Alenuer /T 9% :ZT @I Papeo |uwog

335



|sojdwes japour]

proe o1unooil

L€T W 4,01 X¢ dINV JO uone[AXOIPAY S1418)BO01)03[0 (suoumbozuaq-d ‘s[[o0 J4 [e119108(q)  PIOB JIUNOIIN
|wmnras}
9¢7 W, 01 X1 VHD ‘AD UOTJRUITIIANAD JOIIP (ddH Qu220119] TAUYIPWAXOIPAY) [0131s9[0YD)
[Spo03 pajedsIyuod |
SE€T N ,01XT dNV ‘VI4 UoLEpIX0 djA[eue [1r0 uygered] ouIEd0))
YeC T8 ,0TX¢ AMNS UoNenuadu0d31d 2aTydIospe 9)1[o1das surpaydg
[sjeonnaseurieyd |
€€T N 01X ASPY UOTIBPIXO TEDIWISYO0L02] d)A[eue [proe o1910] susSonsyg
sadueIsqns JIayjQ
[UONRUTULIO)P 9SOINTD) | (OO © suIprzudqAowLIa)}
(4% W 401 dNV uonodlep ‘Y -,§'s",€°¢ pue JdH)
BT dvd
1€2 W 0l X6 dNV ‘VII uonoaap L0H Aq pa1e0d HIDN 9U900.LIJ-IYH
{191eMm “sTeonnadeULIRYd |
0€T W 01 X7 LAdS ‘VId Jooerens Jo uorjepIxo (eseprxoiod rurgoonz)
[010 aye10P] *3800N[S | 1110 uiyyeled|
6T W 0l X1 dIAV ‘VId ‘AD  uononpai onkjeieoonod[doiq {0°H  (d¥H ‘Bolis pawmy ‘onjg eJOPOj)
- [sojdwes jopou]
8TC W0l XS dNV *O°H JO uonepIxo onA1eIesoiodne 110 wooris] 4D Papeo] OJWAL ‘O'H
[sojdures opouwu | [foanoey ‘fro
LTT W .01 X 001 pue (*0°H)T VId uono33ap oprxorad utjjered] (oseprxorad feSuny 1o JYH)  d9-T “O'H
[Tozuos asoon|s|
97¢ W 0IXT dAV ‘VII uoneIpawr (I1)2)errojoueioexay (J98-10s ©II[IS Ul "[IqOWWT JYH)
D] (10 Te1ourw]
ST W, 0l Xt dNV ‘VIq uonONPAI UOT WNIUIDLLID] PajeIdusl (ouaoo119] pue onsst) snSeredse) ‘O'H

SISA[eUY JIUEaI() 10] HONBUINIIAIN( IPIX0Ia]

1102 Alenuer /T 9% :ZT @I Papeo |uwog

(panunuod) g 31av.L

336



[A)ATI0R QWIAZUS “UNISS|

UOI}99)9p pajeIpat cO‘H

(areJnsoq)owr ouIzeuaydAXoyIat-|

|§44 W01 X ¥ dINV s uonepixo H(AVN PAjeipawr  “ gD dUa00119) pue aseprxosad) H(d)AVN
[S101q€1 "SULIp] Io3ULYOXd UONE) JUISn UOHE[NUNIJE [fTo unjered]

0¥z W 0l X1 Add 0ATIORIIXO ‘UOTIONPAI AL[rUE (v ampequy) ouosIEX0Y

[ouLm ‘winias| dsepixosad paddenud sunear)

6¢C W .00 X1 dNV UOHBUIULIP ‘Q°H Jim JdD PappaquIa-auad0LIay ‘Quruneal)

[sojdues japour] dABM sjuejoe}Ins

8¢ W 01 X1 ASPY UONEPIXO [AUID0IId) WOy ‘A[Ioarrpul (yuejoepns [Auao01d) ‘GOIN) aruoTuy

suonenn
9T W 01 X1 ouawonuajod wnuqimbs wonewoy ared uor SAST-4dD SJuR}OBIING

1102 Alenuer /T 9% :ZT @I Papeo |uwog

337



12: 46 17 January 2011

Downl oaded At:

10-'® M concentration level for model samples.!”
The same is valid for the analyses of peptides!”*-172
which are usually based on the oxidation of tryp-
tophan, tyrosine, or cysteine. Such an extraordi-
nary sensitivity is very promising, for example,
for the construction of disposable senzors for moni-
toring nucleic acid damage, although problems
connected with overcoming the interferences sig-
nals, lower reproducibility, or stability of the sig-
nal still persist. The limit of determination for
amino acids in human serum, clinical samples or
food samples, is much higher, typically around
10-°to 107 M.771% The relatively straightforward
use of bare CPEs in organic analysis is justified
especially in the field of pharmaceutical analysis
for checking the content of drugs in tablets, injec-
tions, or other formulations where the lower se-
lectivity of electrochemical methods is not so
prohibitive due to the strict rules for the compo-
sition of these formulations and the content of the
above-mentioned specimen. Also, the determina-
tion of drugs or drug metabolites in urine is well
suited for bare CPEs because the matrix is not too
complicated and the analyst is usually looking for
the presence of a certain substance at appropriate
potential interval. Also, the products of metabolic
drug transformations in human body are often
oxidizable allowing to look for either the original
drug, or for its metabolite.

The highest number of papers is connected
with utilization of different enzymes. From earlier
immobilization of enzymes on the surface of car-
bon pastes, nowadays direct enzyme admixing into
the paste is prevalent and quite frequent. Among
the enzymes, especially dehydrogenases like lac-
tate dehydrogenase, alcohol dehydrogenase, etc.,
then oxidases like glucose or lactate oxidase and
peroxidases like horseradish peroxidase are used
most often. Selected applications in Table 2 illus-
trate the main trends in this field. In saccharides
analysis by far the greatest number of papers deal
with determination of glucose,'3¥-'# mainly in food
samples or serum. Although many attempts have
been made to decrease the limit of determination of
glucose either by choosing different mediators for
shuttling the electrons from the reduced form of
the enzyme to the electrode, or by bulk modifica-
tion of the paste or by immobilization of cells
containing glucose oxidase, the lowest reported
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limit of determination is around 2 X 10 M. The
glucose determination is mainly based on glucose
oxidase using molecular oxygen as the reoxidation
agent in the catalytic cycle with either water or
hydrogen peroxide as the final product. The elec-
tron transfer mediators vary widely with still no
universal mediator for glucose oxidase (see Table
2). Very low detection limit of 1.5 pmol is reported
for glucose (and urate) in recent paper,'* dealing
with peroxidase and ferrocene-embedded CPE with
bioelectrocatalytic hydrogen peroxide reduction at
100 mV vs. Ag/AgCl/sat. KCI electrode, where
hydrogen peroxide was formed by the action of the
corresponding oxidase. Papers on fructose deter-
mination'4>!46 report in food analysis the limits of
determination to be around 5 x 10~ M, which are
similar to typical previous glucose determinations.
Fructose oxidizing enzymes involve either fruc-
tose dehydrogenase'* or pyrrolo quinoline quinone
dehydrogenase,'# the latter not requiring electron
transfer mediating.

Another group of organic analytes frequently
challenged by CPE are carboxylic acids.'4”!>> Here
lactate is the most frequently studied analyte whose
determination is important in food analysis when
looking into fermentation processes!#*!>! or in clini-
cal analysis.” Simultaneous determination of
D- and L-lactate was enabled by p-lactate dehydro-
genase coimmobilized with a redox mediator to a
polymer backbone and the cofactor NAD(+) and
L-lactate oxidase and horseradish peroxidase
coadsorbed on graphite. Under flow injection con-
ditions up to 40 samples per hour can be deter-
mined, although the limits of determination are in
the range of (1 to 10) X 10> M.'5! The lowest limit
of determination of 1 x 10® M was reported for
ascorbic acid'>? in model samples. Methylene green
modified CPE'3 showed high catalytic activity
toward the oxidation of the acid reducing the oxi-
dation overpotential by 400 mV. Again, in practi-
cal in vivo measurements the limit of determination
for ascorbic acid determination was about 1 x 1075 M.13*
In the group of alcohols™®!6! the dominant role
plays ethanol, which is being determined in differ-
ent beverages. Although for ethanol the limit of
determination of 8 x 10-' M'8 is reported, practi-
cal samples again show several orders of magni-
tude higher limits of determination. The principle
of these determinations is mainly connected with
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electrocatalytic NADH oxidation. When evaluat-
ing the papers on amino acids, peptides, and
hetorocyclic compounds in Table 2, then it is clear
that the best results have been reported on pep-
tides.!®-17> The principle of the determination of
immunoglobulin G'7 is in the attachment of the
analyte to a carbon paste with an enzyme label of
alkaline phosphatase linked to the antibody.
o-Naphthol, as the easily oxidizable enzymatic
product, enabled this extremely sensitive determi-
nation with LOD of 2 x 102 M and the develop-
ment of two immunoelectrochemical devices.

Papers dealing with the determination of ei-
ther DNA or RNA!7+181 almost all show high
sensitivity even on bare CPEs and most of the
results were obtained using potentiometric strip-
ping analysis following adsorption of the analyte
on CPE and origin of the signal is based on gua-
nine oxidation. The CPE pretreatment is also very
important and sometimes plays a crucial role.!’®
In comparison with either DPV or SWV,!” the
sensitivity of PSA is higher by several orders of
magnitude.!7+176180 Tt is the high sensitivity of
PSA connected with strong adsorption of these
analytes on CPE as a preconcentration step that is
very promising for the future quantitation of
nucleic acids and their analogs in diagnostic and
biological applications.'®® Such a DNA hybrid-
ization biosensor has already been constructed,'®!
and it is based on inosine-substituted (guanine
free) probe onto the CP transducer where the
duplex formation is monitored by the appearance
of the guanine oxidation peak of the target. Quite
good reproducibility (R.S.D. of 2 to 3%) is re-
ported for the determination of very low concen-
trations of nucleic acids'”® using flow injection
amperometry. Such a very good reproducibility is
really quite unusual, taking into account the re-
ported picogram quantities and the electrode
material used.

The performance of CPEs is quite good when
looking into analyses of pesticides.'#>1% The increase
in sensitivity was enabled by adsorptive accumula-
tion of the analyte on silica modified CPE!®>1%5 or by
formation of host-guest complexes.!®¢-187  These
complexes enabled the determination of selected
pesticides even in practical samples like soil or natu-
ral waters with limits of determination in the con-
centration range of 10 M or even lower.

Phenolics and biogenic amines!*-2% are also
of continuing interest when working with CPEs.
The reported limits of determination based on
quinone sensing are quite good (5 x 10-% M). Cop-
per containing enzyme tyrosinase is used most
often for determination of phenols, resulting in
formation of ortho-quinone derivatives. The enzy-
matic activity of tyrosinase toward phenolics en-
ables the determination of different monophenolic
compounds but also means low selectivity of tyro-
sinase-based CPE. When properly tailored meth-
ods of accumulation are used, like biocatalytic
accumulation,'®? extractive accumulation,'® or
medium exchange strategy,!*® they result in quite
low limits of determination even in environmental,
clinical, or food samples.

The group of pharmaceuticals is very well
suited for analysis using CPE.?7-??* The reason
for it is in quite strict demands on the content of
different kinds of pharmaceutical formulations
where rarely anything else than the active ingre-
dient is electrochemically active. This is not only
an advantage for analysis of pharmaceutical for-
mulations but also for the analysis of pharmaceu-
ticals or their metabolites in body fluids, mainly
in urine or serum. The most sensitive methods
reported were on Clenbuterol,>'! Doxazosin,?!3-214
Imipramine,?'> and Prazosin,??'??? all of them be-
ing evaluated on practical biological samples.
Clenbuterol determination in bovine serum?!'! was
performed following the accumulation on Nafion-
modified CPE when the two-step clean-up proce-
dure included liquid-liquid extraction and solid
phase extraction. Tenax-modified CPE enabled
the accumulation of Doxazosin?'? on the surface
of a CPE. Three minute accumulation followed
by redissolution technique as DPV and SWV al-
lowed to quantify Doxazosine in very low amounts
in human urine. Sensitive Prazosine determina-
tion in urine and formulation is connected with C-
8 modification of CPE, which allowed a more
efficient accumulation of the analyte, the final
measurements being based on the oxidation of the
amine group of Prazosine.

Determination of peroxides?*>-2* is included
mainly for illustration purposes. Although in this
case inorganic substance is being determined by
CPEs, hydrogen peroxide is the end product of
horseradish peroxidase connected methods where
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the analyte of interest is glucose??® 229232 or lac-
tate.??

In Table 2 part dealing with “other sub-
stances”, some interesting applications of the use
of CPE in organic analysis are summarized.
Among them, anionic surfactants?*® show reason-
able limits of determinations, the determination
of cocaine?® is quite straightforward with a low
limit of determination. The determination of
growth regulator Roxarsone** is based on the
reduction of the nitro group of the analyte, al-
though the determination based on the oxidation
of Roxarsone is also possible but less sensitive.

Generally, the possibility of using CPEs for
following both oxidation and reduction of organic
compounds is advantageous, although, up to now,
not fully exploited. This is somewhat surprising
when considering that CPEs offer favorable signal-
to-noise characteristics, especially when being
polarized anodically. Thanks to very low back-
ground currents over the whole anodic range, the
bare carbon paste represents one of the most con-
venient electrode materials for anodic oxidations
of organic compounds.*!* This statement seems to
apply also in today’s electrochemistry that is char-
acterized by myriad electrodes and sensors that are
being used. The feature of very fine anodic polar-
izability of CPEs was repeatedly emphasized al-
ready during Adams’s era when numerous organic
compounds like aromatic amines, phenols, or some
nitroderivatives had underwent systematic electro-
chemical investigations (see articles>* and refer-
ences therein). The results of such studies can be
useful also in the present’s day electrochemistry,
for instance, as an inspiration in the development
of novel methods to determine some organic sub-
stances? and pollutants.!8+183

As can be seen from the selected and com-
mented applications of CPEs, their employment
in organic electrochemistry offers many diverse
possibilities and approaches. Bare carbon pastes
are simply usable for the above-commented oxi-
dations and reductions, but one can also choose
them for unique extraction accumulations.??0240 If
the surface of a CPE is activated electrolyti-
cally,!71179:206 one can aim significant improve-
ments of its kinetic characteristics via lowering
the overpotential of some electrode reac-
tions. 30243156 Special carbon paste mixtures can
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be operated even in media containing organic
solvents.!326

Such approaches then markedly widen a spec-
trum of compounds that can be studied using
CPEs. However, analogously to inorganic appli-
cations of CPEs, an unflagging optimism is dis-
played mainly in association with chemically and
biologically modified carbon pastes, namely, with
a choice of new modifiers, electron transfer me-
diators, and enzymes. Suitably selected modify-
ing agents may catalyze!>*15%-16! or inhibit'** some
reactions. Modifiers can also participate in some
selective accumulations via adsorption'®>'°or ion-
pairing.?#¢>#7 Finally, the use of both CPEs and
CMCPEs may result in very sensitive and prom-
ising analytical methods'’>!7* that would show
some future trends in applications of carbon paste-
based electrodes, including a way of how to move
a procedure from model to practical samples.
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