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A B S T R A C T  

The electrochemical behavior of L-cysteine, 3-mercaptopropionic acid, 

dimercaptopropanesulfonic acid and dimercaptosuccinic acid, was examined at a 

mercury film electrode, gold electrode and platinum electrode. The effect of scan rate, 

pH and concentration were determined by cyclic voltammetry. The comparison of the 

cyclic voltammograms, established a great similarity among the monomercapto 

compounds of different molecular weight and structure and among the dimercapto 

compounds that were studied. Differences between the behavior of dimercapto and 

monomercapto compounds were also established. 

The cyclic voltammetry of arsenic is affected by the presence of cysteine, and 

the formation of an arsenic-cysteine complex is established by the shift of the 

oxidation potential of elemental arsenic at a gold disk electrode. 
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A variety of electrochemical techniques, from polarography to differential 

pulse cyclic voltammetry, have been used in the study of monomercapto compounds 

and disulfide compounds. Some of these studies indicate that a mercapto compound 

can be oxidized to the corresponding disulfide at platinum or gold anodes(1). It has also 

been shown that mercury is a suitable electrode for the oxidation of mercapto 

compounds®. However, such an oxidation involves the formation of a mercury(II) 

thiolate compound instead of the formation of the corresponding disulfide when 

platinum or gold electrodes are employed. A detailed summary of the electrochemistry 

of mercapto compounds is presented below. 

A. Electrochemical behavior of some mercapto compounds on mercury 

electrodes. 

Different mechanisms for the interaction of mercapto compounds and mercury 

have been proposed based on the results obtained from polarographic studies. Mercury 

pool, dropping mercury and mercury film electrodes have been used. 

According to Kolthoff and co-workers in 1940, cysteine gives an anodic wave 

at a dropping mercury electrode which corresponds to a reversible reaction®: 

RSH + Hg° tt HgSR + H+ + e" (1) 
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where RSH is cysteine and HgSR is mercurous cysteinate. The presence of a prewave 

in solution at pH values between 2 and 9, and at cysteine concentrations greater than 

2.5 X 10^ M was attributed to the formation of a mercurous cysteinate (RSHg) film(4) 

on the surface of a mercury drop or a convection mercury electrode. 

According to Stricks and Kolthoff a similar reaction is involved in the one-

electron anodic process of glutathione at the dropping mercury electrode®. 

Experiments with glutathione (GSH), and mercurous nitrate, indicated that the 

mercurous glutathionate (GSHg), is not stable and decomposes rapidly in solution with 

formation of mercury and mercuric glutathionate ((GS)2Hg)(5). Therefore, a second ill-

defined wave that was observed for cysteine0' and glutathione® in polarograms at the 

dropping mercury electrode, was attributed to further oxidation of mercurous thiolate 

to a mercuric thiolate compound. 

The polarographic studies showing the comparison of the half potential (E,/2) 

as a function of pH, between cysteine and glutathione were presented by Stricks®-

Such comparison demonstrated that only a variation of the extent of dissociation of the 

sulfhydryl group determines the characteristics of the anodic wave of each of the 

compounds while the electrode reaction is independent of the degree of dissociation 

of other groups in the molecule. 

In the same paper published by Stricks and Kolthoff, the following mechanism 

for the reduction of oxidized glutathione (GSSG) is proposed: 



12 

GSSG + e* + H+ ** GS + GSH (2) 

GS + e' + H+ GSH (3) 

GSSG + 2e" + 2H+ <=* 2GSH (4) 

The overall reduction of oxidized glutathione represented by equation (4) is 

similar to the one proposed by Kolthoff and Barnum(6) for the reduction of cystine at 

the dropping mercury electrode. Kolthoff et al.00 also reported that the presence of 

two polarographic waves for the reduction of cystine (RSSR). The first wave resulting 

from the chemical reaction of cystine with mercury forms mercuric cysteinate 

(Hg(SR)2), which is then reduced. 

The polarographic study of thioglycolic acid and dithiodiglycolic acid by 

Leussing and Kolthoff® agreed with Stricks' polarographic study of glutathione®. 

Two anodic waves were found, which were similar in shape and behavior to those 

observed for glutathione. The first wave was attributed to the one-electron reaction 

for the formation of mercurous thioglycolate and, the second wave to the formation 

of a Hg(II) thiolate compound. An irreversible electrode process was observed for the 

reduction of dithiodiglycolic acid and, no conclusion was drawn about the number of 

electrons involved in such a reaction. 

Fernando and Freiser(9) carried a polarographic study of 
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/3-mercaptopropionic acid which also agreed with the formation of a mercury thiolate 

compound during the anodic oxidation of the /3-mercaptopropionic acid in a reversible 

one-electron process. 

Later voltammetric studies done by Stankovich and Bard on cysteine (RSH) 

and cystine (RSSR) at a mercury electrode, did not agree completely with the 

published results about the electrochemistry of mercapto compounds at a mercury 

electrode. The interpretation of Stankovich and Bard of the oxidation of cysteine and 

the electroreduction of cystine0® was as follows: 

At concentrations of cysteine below 0.3mM and pH=7.4 

2(RSH)soto + Hg° <=* [Hg(SR)2]ad5 + 2H+ + 2e" (5) 

with the anodic and cathodic peak potentials at -0.47 V and -0.52 V, vs SHE, 

respectively. 

For the reduction of cystine at pH=7.4, they suggested: 

(RSSR)ads + 2H+ + 2e- * 2 RSH)S0ln (6) 

(RSSRU + 2H+ + 2e* 2(RSH)soln (7) 

with the first cathodic peak for the reduction of adsorbed cystine at 

-0.54 V and the second cathodic peak for the reduction of dissolved RSSR at -0.9 V 

vs SHE. Upon scan reversal the oxidation of RSH by the reaction sequence shown in 

(5) takes place. 

Since the Hgn(SR)2 species is apparently more strongly adsorbed than the 

RSSR, subsequent scans showed the typical RSH behavior. According to the authors 
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the relative strength of adsorption decreases in the order: Hg(SR)2 > RSSR > > 

RSH, which agrees with that stated by Kolthoff and co-workers(4). It was concluded 

that there was no significant reaction between mercury and RSSR and that adsorbed 

Hgn(SR)2 was formed by oxidation of dissolved RSH. Finally the appearance of 

current spikes on the anodic and cathodic scans is explained by the attainment of 

monolayer coverage of the Hg(SR)2 species and the formation of a tight film when 

lateral interactions between the adsorbed molecules occur. 

Up to 1979 most of the controversy in the polarographic and cathodic stripping 

behavior of cysteine and cystine had centered around the electrode mechanism for the 

reduction of cystine, since it was generally agreed that the cathodic stripping 

voltammetry behavior of cysteine is a result of the reaction, 

Hg° + 2RSH <=* Hg(SR)2 + 2H+ + 2e" (8) 

It had been observed00'1 U2), however, that the reduction of mercury cysteinate 

sometimes results in two waves, usually at relatively high concentrations of cysteine. 

Miller and Teva(12) attributed the double wave to the presence of both Hg'(SR) and 

Hgn(SR)2 in the film, with the most positive peak being due to the mercury (I) 

compound. Stankovich and Bard(10) reported that the current "spikes" that they 

observed on the normal cysteine waves when the concentration was increased was a 

result of the sharp change in double layer capacitance upon "compacting" of the 

mercuric cysteinate film. Florence(13) found that the split waves occurred more 

frequently for cystine than cysteine, and that the effect was non-reproducible. He 



interpreted it as the result of a change in the morphology of the mercuric cysteinate 

deposit, possibly brought about by some impurity, such as an active compound, in 

solution. Florence concluded that cysteine and cystine adsorb on mercury and 

chemically react with it to form mercuric cysteinate, contrary to Stankovich and 

Bard's conclusion0®, and suggested that a monolayer coverage forms at low 

concentrations of cysteine and that only the first layer of the mercury compound is 

electrochemically active. 

In 1980 Birke and Mazorra(14) studied the electrochemical characteristics of 

some low-molecular-weight thiols at the mercury electrode by differential pulse 

polarography, d.c. polarography, linear-sweep voltammetry and coulometric 

measurement on linear-sweep reduction. They concluded that the cathodic electrode 

process for the reduction of low-molecular-weight thiols is a quasireversible reduction 

of either the HgSR or Hg(SR)2 adsorbed layer which becomes more irreversible as the 

alkane chain-length increases. The linear shift of the cathodic peak potential for a 

homologous series of thiols was explained by an increase in irreversibility of the 

reduction process caused by increased electron density at the sulfhydryl group. It was 

also proposed that the anodic process involves the formation of a soluble mercury(I) 

thiolate which may be in equilibrium with the insoluble compound and, that the 

Hg(SR) can disproportionate to yield mercury and adsorbed Hg(SR)2, in agreement 

with Stricks and Kolthoff^. The authors supported the formation of a monolayer of 

Hg(SR)2 on the oxidation of the thiol and the possibility that additional layers of the 
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mercuric thiolate (Hg(SR)2), are formed if the electrode potential is made more 

positive. However, the structure of the film as a two-dimensional monolayer at the 

mercury surface followed by a three-dimensional multilayer of Hg(SR)2 which contacts 

the aqueous solution is preferred, in contrast to the formation of a compact or tight 

monolayer0® which could not explain the very large charge-density values they found 

when the film is reduced. 

B. Electrochemical behavior of some mercapto compounds on gold electrodes. 

In comparison with a platinum electrode, the adsorption of hydrogen at the 

gold electrode is much smaller and, the surface oxide formation starts at considerably 

more positive potentials at gold than at platinum electrodes(15). It has also been found 

that in solutions containing cysteine and cystine, the potential of the gold electrode is 

less reproducible06,17* and independent of stirring the solution(,6). 

Koryta(18> reported two anodic waves in the oxidation of cystine by cyclic 

voltammetry in a IN sulfuric acid (H2S04) solution. The first wave was observed in 

the potential region of surface oxide formation and the second wave at more positive 

potentials than the potential of oxygen evolution. A third anodic wave appeared with 

the increase of the cystine concentration and it disappeared by stirring the solution. 

According to Koryta the relation between the oxidation of cystine and the oxidation 

of the electrode was caused by the oxygen transfer in the mechanism of the oxidation 



of cystine09,1®, 

RSadg + 50H"ads <=* RSO/ + 2HzO + H+ (9) 

where the main product of the oxidation of cystine (RSSR) is cysteic acid (RSO3H). 

If the potential is scanned in the opposite direction, a wave for the reduction 

of the surface oxide was found, which decreases with increasing cystine concentration. 

The appearance of a second cathodic wave with an increase of the cystine 

concentration was also reported(,8); this wave disappeared if the solution was stirred 

at the potential of the most positive wave. However the main cathodic wave of cystine 

at the gold electrode is situated in the potential range of adsorption of hydrogen, 

which gives cysteine as the reduction product. 

The cyclic voltammetry and adsorption measurements done by Koryta with 

cysteic acid, alanine and serine indicated that these substances are neither adsorbed 

appreciably nor participate in electrode reactions at the gold electrode in IN H2S04. 

Based on such results the author concluded that the presence of the -S-S- group in the 

cystine molecule is the only cause of its ability to adsorb at the electrode and to 

participate in the electrode reaction. In addition, adsorption measurements with and 

without external polarization as well as adsorption measurement during cyclic 

polarization with cystine on gold electrode were carried out. The results showed that 

the rate of adsorption is larger, and the adsorbed quantity of cystine smaller, than at 

the platinum electrode. Koryta suggested that weaker bonding of cystine, 

chemisorption to the gold electrode may be expected. On the other hand, these 
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phenomena are influenced by more extensive chemisorption of oxygen at platinum 

than at the gold electrode. 

According to Koryta and Pradac, cysteine is oxidized at a gold electrode to 

cystine or the adsorbed radical, RS«, in an irreversible reaction that produces an 

anodic wave controlled by the electrode reaction and diffusion00*. This process occurs 

at more negative potentials than it does at a platinum electrode. Three anodic waves 

were observed, the most negative was related to the oxidation of cysteine to cystine, 

and the others to the reduction of cystine under the same experimental conditions(19). 

Based on their results Koryta and Pradac proposed the following reaction for the first 

step of the oxidation of cysteine on gold electrode: 

RSHsda RSads + H+ + e" (10) 

A fourth anodic wave was observed during the reverse scan of the potential, 

this was related to the continued oxidation of cysteine. During the reduction process 

a cathodic wave corresponding to the surface oxide reduction was observed. Such a 

wave disappeared at concentrations of cysteine above 10"3 M. 

C. Electrochemical behavior of some mercapto compounds on platinum 

electrode. 

Kolthoff and Barnum(6) reported the oxidation of cysteine at the rotating 

platinum electrode by the highly irreversible reaction: 

2 RSH <=* RSSR + 2H+ + 2 ff (11) 
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The anodic waves obtained for cysteine at a pH=2 occurred at a more positive 

potential ( 0.76 V vs. N.H.E.) than at the mercury electrode and were assigned to the 

formation of cystine. 

Davis and Bianco*21* found that the process was not controlled by diffusion and 

was not a one-electron oxidation to cystine but there were further oxidation reactions 

as far as cysteic acid, with the assumption of adsorbed reactants. However, by 

potentiostatic electrolysis at 0.76 V (vs. N.H.E.) they found cystine to be the main 

oxidation product and were unable to detect any cysteic acid. 

Koryta and Pradaca0) found that the peaks of adsorbed hydrogen were 

suppressed but they could not determine if the suppression was due to adsorption of 

cysteine, or formation of cystine by oxidation of cysteine. Three anodic waves were 

found. The most negative wave, corresponding to the oxidation of cysteine, was 

followed by a wave related to the oxidation of cystine or an adsorbed radical. The 

third wave was due to the continued oxidation of cysteine during the cathodic scan 

(reverse scan). At more negative potentials, a cathodic current due to the reduction 

of oxidation intermediates of cystine was observed. Based on their results Koryta and 

Pradac*201 concluded that cysteine is oxidized to cystine or a radical by a one-electron 

process. No equation for such an oxidation was proposed by the authors, since it 

could not be clear if cysteine reacted according to the oxidation reaction proposed for 

the oxidation of cysteine at gold electrode (eq. 10) or if it reacted with the surface 

oxide. However, it was determined that the final product of the oxidation process was 
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cysteic acid. Since a fourth anodic wave appeared in the reverse scan at the same 

potential on platinum and gold, which was reported to be more negative than the 

potential for the first anodic wave in the forward scan, they concluded that the 

electrode is activated by reduction of oxide. 

Dixon and Quastel022* found that the electrode potential of platinum and gold 

electrodes in solutions containing both cysteine and cystine behaved differently from 

that of reversible redox systems. It was dependent on the concentration of cysteine but 

its dependence on cystine concentration was negligible. They also found that it was 

influenced by the stirring of the solution and by the pretreatment of the electrode. 

These authors and others attempted to explain these results by assuming the 

participation of radical intermediates, of complexes with oxygenC3), or surface 

oxides*24* as potential determining species. Ghosh et al.(25) reported more reproducible 

electrode potentials after cathodic reduction of cystine to cysteine. 

In Conant's view026*, platinum in the presence of cysteine and cystine behaves 

as a simple hydrogen electrode. The absence of either a reduction or oxidation process 

of cystine at the rotating platinum electrode was reported by Kolthoff and Barnum(6). 

Also Davies and Bianco00 observed no electrode process of cystine at a platinum 

electrode polarized galvanostatically. 

From Pradac and Koryta's worka7), it was concluded that only the S-S group 

is electroactive in the cystine molecule, since molecules like alanine and lysine 

containing neither S-S nor -SH group, showed neither adsorption nor oxidation or 



reduction at the platinum electrode. Just as for cystine on a gold electrode, the authors 

suggested that the slow establishment of adsorption equilibrium and the resulting 

strong bonding of cystine to platinum was most probably due to chemisorption 

preceded by dissociation of the S-S bond in the cystine molecule 

RSSR <=* 2RSads (12) 

According to their measurements of anodic coulombic yield in the cystine-free 

electrolyte, they suggested the following oxidation reaction: 

RSads + 3H20 <=* RSO/ + 6 H+ + 5e" (13) 

where the cysteic acid anion RS03', is readily desorbed from the surface, making 

further adsorption of cystine possible. A portion of the oxidation product, however, 

remained adsorbed at the electrode and could be reduced at more negative potentials. 

It was also suggested the formation of another highly oxidized product, with 

a parallel oxidation path: 

RSadj + 2 H20 <=* RS02ad, + 4 H+ + 4 e- (14) 

Pradac and Koryta did not propose any specific mechanism for the oxidation 

process. They also reported a strong influence of the adsorption of cystine on the 

formation of a surface oxide, so that there is a difference in the coverage by surface 

oxide in the presence and absence of cystine. Regarding to cystine absorption it was 

concluded that in IN H2S04, cystine was strongly adsorbed on platinum electrode in 

the potential region 0-1.6 v (vs. N.H.E.), with a low rate of adsorption. The 
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chemisorbed species, probably RS, being oxidized in the potential range 0.7-1.45 V 

(vs N.H.E.), to cysteic acid(RS03"), and probably, in part to the adsorbed radical 

RS02, this species being reduced in the potential range 0.6-0 V. In IN H2S04; neither 

cystine nor cysteic acid were adsorbed nor reduced in the potential range 0-1.6 V. 

D. The importance of the quantitative analysis of arsenic species. 

Arsenic is known to occur naturally in the earth's crust as the gray-colored 

pure metal or combined with one or more elements. Arsenic is most commonly found 

in the environment combined with elements such as, oxygen, sulfur, carbon and 

chlorine. Arsenic combined with oxygen, chlorine and sulfur is referred to as 

inorganic arsenic, while arsenic combined with carbon and hydrogen is referred to as 

organic arsenic. Many of these arsenic-containing substances occur naturally, while 

others are man-made. 

Investigations of the toxicity of arsenic have shown that different chemical 

forms of arsenic are not equally toxic. In particular, methylated and other organic 

arsenic species are considerably less toxic than inorganic arsenic. The degree of 

toxicity of arsenic compounds is directly proportional to the solubility of the 

compound in waterC8) and, inversely proportional to the rate of excretion from the 

bodyC9). Arsine is much more toxic than arsenic(III) and, among inorganic compounds 

arsenic(III) compounds have been found to be somewhat more toxic than arsenic(V) 

compounds. 



23 

Quantitative analysis, as well as, speciation of arsenic are of relevant 

importance in the determination of the toxicological profile and environmental 

abundance of arsenic. Atomic absorption spectrometry is the most common analytical 

technique for measuring arsenic concentrations in environmental and biological 

samples. The reduction of the sample to arsenic(III), elemental arsenic or arsine, 

allows the determination of total inorganic arsenic by different techniques; digestion 

of the sample is required for the determination of all organic forms of arsenic. When 

concentrations of specific forms of arsenic are required, separation procedures must 

be used prior to the detection step. Various types of chromatography or 

electrophoresis-separation systems are used08* for this purpose. 

Detection techniques capable of determining low concentrations of arsenic, as 

well as, methods for the simultaneous determination of different arsenic forms are 

required to elucidate the mechanisms of arsenic poisoning and the interconversion of 

arsenic species in the environment. Of all the analytical techniques that have been 

investigated for the speciation of arsenic, electrochemical techniques appear to be the 

most promising. The following section briefly summarizes some of this work. 

E. Electrochemical determination of arsenic(III), arsenic(V), 

monomethylarsonic and dimethylarsinic acid. 

Polarography of arsenic. 

In most supporting electrolytes the reduction of arsenic gives rise to 
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complicated waves unsuitable for analytical work. There are, however, a few media 

in which well behaved polarographic waves are produced. More refined high-

resolution, high-sensitivity techniques (e.g., square-wave polarography00*, differential 

pulse polarography(30'31,32)) have been used to determine trace quantities of arsenic. 

Most polarographic methods for the determination of arsenic consist of three steps: 

1) the oxidation of any form of arsenic to arsenic(V), 2) the reduction of arsenic(V) 

to arsenic(III), 3) the final polarographic determination of arsenic(III). 

Separation of the four different species of arsenic in solution (arsenic(III), 

arsenic(V), monomethylarsonic acid and dimethylarsinic acid), by ion chromatography 

has been successfully performed by Henry and Thorpe(33) in order to quantify each of 

the species. After separation, arsenic(V) and the two organic species 

(monomethylarsonic acid and dimethylarsinic acid) were chemically reduced to 

arsenic(III), and finally analyzed by differential pulse polarography. A detection limit 

as low as 8 ppb was obtained for dimethylarsinic acid. Similar polarographic methods 

have been reported for the determination of arsenic in biological samples. In acidic 

solution, the stepwise reduction of arsenic(V) to arsenic(III) to the element, and 

finally, to arsine is possible in whole or in part, depending on the nature of the 

electrolyte: 

As+S + 2 e" 

As+3 + 3 e" 

3H+ + As + 3 e" 

** As+3 (15) 

As (16) 

<=* ASH3 (17) 



2 5  

Although this sequence certainly represents the successive changes in oxidation 

number undergone by the arsenic species during polarography, the actual polarograms 

were reported to be more complex04'. Double maxima may appear on the waves05', 

and pH has an unexpected influence. Adsorption of the elemental arsenic occurs, and 

it is thought that catalyzed hydrogen evolution may play a part in the formation of the 

maxima. In general the most complicated and irreversible polarograms occur in non-

complexing acid media (e.g., hydrochloric acid, sulfuric acid, nitric acid), whereas 

in the presence of such complexing agents as tartaric acid, citric acid or pyrogallol, 

simpler waves are produced. 

In order to transform arsenic(V) into a reducible species, very high 

concentrations of hydrogen and chloride ions (e.g. 11.5M hydrochloric acid), are 

needed05'. Under these conditions, the reduction of arsenic(V) yields a double wave 

corresponding to the reduction of arsenic(V) to elemental arsenic and finally to arsine. 

Arsenic(III) in 1M hydrochloric acid, was reported to give two well-defined 

polarographic waves(35). Meites attributed these two waves to the reduction of 

arsenic(III) to elemental arsenic and the subsequent reduction of elemental arsenic to 

arsine. However, Pjescic et.al.(36), found in acidic media of pH=0.8, a three electron 

process correspondent to the first wave and, two electrons involved in the second. 

Such disagreement led others to search for an electrode process that could account for 

all the experimental facts. Vasilyeva et al.(39) proposed another mechanism where the 
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reaction was supposed to yield arsine with the formation of mercuric arsenide. The 

half-wave potential for the reduction of arsenic(III) to elemental arsenic was reported 

to be a complex function of the acid concentration and the supporting electrolyte05' 

and tended to shift to more negative values with increasing pH. 

One of the best polarograms obtained for the reduction of arsenic(V) is that 

reported by White and Bard<37), using pyrogallol as a complexing agent in a perchloric 

acid medium. Arsenic(V) in 0.5M pyrogallol and 2M HC104 showed three well-

defined polarographic waves, which were ascribed to the reduction of the arsenic(V)-

pyrogallol complex to arsenic(III), elemental arsenic and arsine. It was also found that 

arsenic(III) does not form a complex with pyrogallol. Rosenheim and Thon showed 

that the complex formed between arsenic(V) and pyrogallol is a 1:3 complex of 

arsenic(V) and pyrogallol08'. 

In alkaline media, anodic (oxidation) waves for arsenic(III) have been obtained 

but cathodic reduction waves have been reported only in complexing media, or in 

solutions of lithium compounds04'. 

Susie and Pjescic(39) showed that in alkaline ammoniacal solutions in a pH 

range from 8.5 to 11.5, containing 0.005% of gelatine, arsenic(III) gives a well 

defined reduction wave. This wave was reported to be similar to that obtained in 

acidic media, involving three electrons. Based on these results, Susie and Pjescic 

concluded that in alkaline solutions, arsenic(III) is reduced to elemental arsenic in an 

irreversible process. They also reported that the half-wave potential becomes more 
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negative with an increase of pH, which suggests that hydrogen ions take part in the 

reduction process. 

AsOz" + H20 HAsOz + OH" (18) 

HAs02 + e" <=> AsO + OH" (19) 

AsO + H20 + 2e" ** As + 20H" (20) 

where reaction (19) occurs slowly and reaction (20) is a fast reaction. However, no 

reduction of arsenic(V) was reported in alkaline conditions. 

Determination of arsenic(III) in the parts-per-billion level by differential pulse 

polarography was reported by Myers and Osteryoung in 1973(4Q). They studied 

different electrolytes in an attempt to increase the sensitivity and decrease the 

detection limit in the analysis of arsenic(III). Their results showed 1M hydrochloric 

acid (HC1) to be the best electrolyte, giving the greatest sensitivity and a detection 

limit of ca. 0.3 microgram per liter (4 x 10"9 M). Linear calibration curves were 

obtained in a concentration range between 0.6 micrograms/liter and 60 

milligrams/liter. 

Watson and Svehla(41), reported a polarographic method for the specific 

determination of arsenic(V) and arsenic(III) organic compounds. They found that the 

derivatives of phenylarsonic acid (e.g. 2,4-diol phenylarsonic acid), gives rise to a 

single, well defined diffusion-controlled cathodic wave in 0.1M hydrochloric acid. 

Such a wave was reported to be reproducible, proportional to concentration in the 
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range 10"5-10"3M, and independent of pH. The mechanism they proposed for the 

reduction of phenylarsonic acid and its derivatives was the reduction to 

phenylarsonous acid and subsequently to phenylarsine, followed by a reaction between 

phenylarsonous and phenylarsine to produce arsenobenzene. This mechanism accounts 

for eight electrons involved in the reduction of two molecules of phenylarsonic acid, 

in agreement with the number of electrons Watson and Svehla determined from 

coulometric measurements. 

Anodic(42,43,44,45) and cathodic(46) stripping voltammetry for the determination of 

arsenic at trace levels have been applied widely. Numerous studies have been 

performed to investigate the effect of pH, deposition potential, deposition time, 

supporting electrolyte and nature of the working electrode, among others, on the 

sensitivity and precision of the determination of arsenic. Most of the polarographic 

procedures that give good quantitative results deal with the conversion of all the 

arsenic species to arsenic(III), and followed by the quantitation of arsenic(III) by 

stripping voltammetry. 

Forsberg et al.(42), found the gold electrode to be superior to the platinum 

electrode in the anodic stripping voltammetry of arsenic(III) in acidic media. They 

also found that the response of gold and platinum electrodes was strongly affected by 

their past history, pretreatment and oxide film formation. Moreover, the reduction of 

arsenic(V) to arsenic(III) with sodium sulfite (Na2S03) was found to be the most 

satisfactory procedure to convert electroinactive arsenic(V) to arsenic(III). 
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Davis and co-workers(43) reported the use of high-speed anodic stripping 

voltammetry to determine total arsenic at the nanogram level using a gold film 

electrode and hydrochloric acid as the supporting electrolyte. The procedure used was 

found to be accurate, precise, reliable and relatively rapid. This technique was 

successfully applied to the routine analysis of arsenic on air filters and in biological 

samples. 

Holak reported the determination of arsenic by cathodic stripping voltammetry 

with the hanging mercury drop electrode in acidic media(46). The detection of 2ng/ml 

of arsenic was accomplished by preconcentration of arsenic on the hanging mercury 

drop electrode and its subsequent cathodic stripping, producing a peak due to the 

reduction to arsine. Because of the insolubility of arsenic in mercury, determination 

of arsenic(III) by stripping voltammetry at the hanging mercury drop electrode or 

mercury film electrode cannot be accomplished. Therefore, codeposition with other 

metals to form compounds which are soluble in mercury, has been studied. Holak 

reported that the presence of a trace of selenium(IV) improved the deposition of 

arsenic on the electrode(46). He also suggested the following for the reduction of 

arsenic(III) in the presence of selenium(IV): In acidic media selenium(IV) is reduced 

to selenium(-II) with the formation of mercuric selenide at ca. -0.1V. Between -0.25 

and -0.5V, arsenic(III) reacts with the deposited mercuric selenide forming arsenic 

selenide and mercury. 

2As3+ + 3HgSe + 6e" <=* As^ej + 3 Hg (21) 
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Finally, at ca. 0.72V. arsenic selenide is reduced to arsine and hydrogen selenide. 

AsjSea + 12e" + 12H+ 2AsH3 + 3H2Se (22) 

Cathodic stripping voltammetry of arsenic(III) in the presence of copper(II) has 

been reported(47'48). The element is deposited as an intermetallic compound with copper 

on the surface of the hanging mercury drop electrode, and reduced to arsine in the 

stripping step. 

Determination of organic arsenic (e.g. monomethylarsonate and 

dimethylarsinate), at trace levels by dc polarography(49) and differential pulse 

polarography*33' has been performed. Henry and Thorpe03* reported the separation of 

the different arsenic compounds by ion chromatography followed by the reduction to 

arsenic(III) with S02. The final detection of arsenic(III) by differential pulse 

polarography achieved a detection limit of 18 ppb for monomethylarsonate and 8 ppb 

for dimethylarsinate. 

Ellton and Geiger(49) reported a study of the electrochemical reduction of 

biological organoarsenic acids (monomethylarsonic and dimethylarsinic acid), by 

differential pulse polarography. They suggested the following pathway for the 

reduction of dimethylarsinic acid in aqueous solution with pH=4: 

(CH3)2As(0)(0H) + 4e" + 4 H+ <=* (CH3)2AsH + 2 H20 (23) 

However, they did not eliminate the possibility that other arsenic compounds are 

formed in the electrolysis. They also concluded that both organoarsenic acids can be 
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reduced at mercury electrodes in acidic media, and suggested its application in the 

analysis of soils. 

Despite many efforts, there is no easy and direct method capable of speciation 

and quantification of organic and inorganic arsenic. 

F. Characteristics and capabilities of cyclic voltammetry. 

Cyclic stationary-electrode voltammetry, usually called cyclic voltammetry, is 

the electrochemical technique most commonly used for the investigation of redox 

systems. It provides useful information concerning the properties and characteristics 

of electrochemical processes and it is increasingly used to evaluate the effect of 

ligands on the oxidation/reduction potential of the central metal ion in complexes and 

multinuclear clusters<50). 

In cyclic voltammetry the potential applied to the working electrode is scanned 

linearly, back and forth, between two designated values, the switching potentials. To 

obtain a cyclic voltammogram (cv), the current response is plotted as a function of the 

applied potential. The current depends on two steps in the overall process, the 

movement of the electroactive species to the surface of the electrode and the electron 

transfer reaction. The important parameters of a cyclic voltammogram are the 

magnitudes of the peak current, ipa and i^, and the potential at which the peaks occur, 

Ep, and and, the half potential E1/2 situated exactly midway between E^ and Ep,.. 

A redox couple in which both species exchange electrons with the working 
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electrode is termed an electrochemically reversible couple. Such a couple can be 

determined from a cyclic voltammogram by measuring the potential difference 

between the two peak potentials. Equation (24) applies to a system that is both 

electrochemically and chemically reversible: 

Ep, - Ep,. = 0.058/n (24) 

where n is the number of electrons transferred and Epa and E^ are the anodic and 

cathodic peak potentials, respectively, in volts. The difference in peak potential is 

influenced by the switching potential(54), and must be independent of scan rate and 

concentration*55*. 

Another characteristic of reversible systems is the dependence of the peak 

current on the square root of the scan rate. At 25°C both peak currents (ipa and i^) 

increase proportionally to the square root of the scan rate(51). When no kinetic 

complications occur, the ratio of peak currents is approximately one. However, such 

a ratio can be significantly influenced by chemical reactions coupled to the electrode 

process. 

The electrochemical response for an electrode reaction can be affected 

significantly by the adsorption of any of the species involved in such a reaction. These 

effects complicate the evaluation of the voltammetric data, making the desired 

information more difficult to be obtained. Thus adsorption is often considered an 

inconvenience in electrochemical experiments. However, adsorption of a species is 

sometimes needed for a rapid electron transfer, and can be important in many 



processes of practical interest(56). Whereas, a diffusion controlled process yields a 

current limited by the diffusion of the electroactive species from the bulk solution to 

the electrode, and vice versa. This process makes the analysis and interpretation of 

the voltammetric data less complicated. Therefore, the characterization of the process 

as an adsorption or a diffusion controlled one is of great importance in cyclic 

voltammetry. The criterion for diffusion control is that the ratio of peak current (ipj 

over the square root of the scan rate must be a constant(57). 

The peak current can be used to determine the concentration of the 

electroactive species in the bulk solution. However, other electrochemical methods, 

such as differential pulse voltammetry, are better suited for this task. The real use of 

this technique is the qualitative analysis of homogeneous chemical reactions that are 

coupled to the electron transfer process. 

One important application of cyclic voltammetry is to investigate the variations 

in the reduction potential that a metal ion undergoes upon complexation with different 

ligands that stabilize one oxidation state in preference to another, as well as the effect 

of a ligand on the reduction potentials of ions of different metals(51). 

In this research, the effect of arsenic and mercury on the cyclic voltammetry 

of cysteine will be investigated and should yield information related to the 

complexation of arsenic and mercury by cysteine. In addition, the cyclic voltammetry 

of some mercapto and dimercapto compounds will be compared to the cyclic 
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voltammetry of cysteine in order to electrochemically characterize the systems. 

Finally, an attempt will be made to develop a method for the determination of 

arsenic(V). 
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E X P E R I M E N T A L  P A R T  

A. Materials. 97% L-cysteine, 99% L-cystine and potassium hydrogen 

phthalate were purchased from Aldrich Chemical Company. 

3-Mercaptopropionic acid (MPA), mercaptosuccinic acid (MSA) and reduced 

glutathione were obtained from Sigma Chemical Company. Meso-dimercaptosuccinic 

acid (DMSA) and dimercaptopropane sulfonic acid (DMPS) were provided by Johnson 

and Johnson. D,1 dimercaptosuccinic acid was synthesized in our laboratory(52). 70% 

Perchloric acid was obtained from Fisher Chemical, sodium monobasic phosphate, 

mercurous nitrate, potassium nitrate and 78% nitric acid were obtained from 

Mallinckrodt Specialty Chemicals, Co. Potassium chloride and Sodium dibasic 

phosphate were purchased from T. Baker Analyzed Reagent and Sodium dibasic 

phosphate from. 

99.995% Nitrogen and 99.999% Argon gas were used to deaerate all the 

solutions. 

B. Apparatus. All the electroanalytical measurements were performed with the 

CS-1090 computer controlled electroanalytical system from Cypress Systems, Inc., 

connected to an IBM AT computer system and KX-P1124 24 PIN Multi-Mode 

Panasonic Printer. 

The working electrodes used were: 1mm diameter gold disk electrode, 1mm 
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diameter platinum disk electrode, 3mm diameter glassy carbon electrode and a 

mercury film electrode. The reference electrode was a Ag/AgCl electrode in 3M NaCl 

and the auxiliary reference electrode was platinum wire. All but the mercury film 

electrode were obtained from BioAnalytical Systems. The mercury film electrode was 

freshly prepared in the laboratory before its use. 

C. Experimental Methods. 

Preparation of buffer and electrolyte solutions. 

A 0.1M perchloric acid solution was prepared by the dilution of 70% 

perchloric acid with previously deaerated double distilled water. The solution was 

diluted with deaerated double distilled water to give 0.01M and 0.001M perchloric 

acid solutions. 

Mc. Ilvaine buffer solutions of pH=2 and pH=6 with an ionic strength of 

0.5M were prepared. The pH=2 solution contained 0.0053M Na2HP04,0.098M citric 

acid and 0.39M KC1, while the pH=6 solution contained 0.13M Na2HP04, 0.34M 

citric acid and 0.16M KC1. 

A phosphate (pH=7) buffer solution with ionic strength of 0.5M was obtained 

by making a solution 0.0268M in KH2P04, 0.0133M in Na2HP04 and 0.0357M in 

KC1. 

A pH=8 buffer solution was prepared by adjusting the pH of a 0.4M KH2P04 
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solution with 50% NaOH. 

A pH=9 buffer solution containing 0.100M in sodium borate and 0.0482M 

NaCl, as well as a pH=10 buffer solution containing 0.0125M borax and 0.0183M 

NaCl, were also prepared. 

Preparation of mercapto and dimercapto acid solutions. 

All solutions with a pH<3 were prepared by dissolving the corresponding 

mercapto compound in perchloric acid. To prevent oxidation of the reduced mercapto 

compounds by air, all solutions were deaerated before and after dissolving the solid. 

The solutions, which had an initial concentration around 0.03 M in mercapto 

compound, were stored in tightly stoppered vessels and kept in the refrigerator for 

further dilutions. These dilutions were necessary to obtain concentrations as low as 

10^ M, and were performed just before the electrochemistry experiment was run. 

Mercapto solutions with pH>7 were also prepared just before their use. 

Solutions of reduced glutathione were prepared differently due to the readily 

oxidation of the thiol group. In this case the solid compound was added directly to the 

cell that contained the electrolyte solution, previously deaerated, under a nitrogen or 

argon atmosphere. When very low concentrations were required, the process of 

weighing the solid became difficult and inaccurate, therefore, a more concentrated 

solution was used and subsequently diluted just before use. 
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Preparation of arsenic(III) and arsenic(V) solutions. 

A series of 0.04M arsenic(III) in different electrolyte solutions were prepared 

by dissolving sodium arsenite in the minimum amount 50% NaOH, followed by 

dilution with the corresponding electrolyte solution. Solutions were deaerated with 

argon gas, before and after any manipulation to avoid oxidation of arsenic(III) by air. 

The same approach was followed for the 0.04M arsenic(V) solutions. In this case, 

however, sodium arsenite was dissolved in the minimum amount of distilled water, 

followed by dilution with the corresponding electrolyte solution. 

Pretreatment of the electrodes. 

Gold and platinum electrodes were polished with 1 micron diamond slurry, and 

then by an alumina suspension. In order to remove residual alumina particles, the 

electrodes were sonicated for 5 minutes in a ultrasonic bath with double distilled water 

and finally rinsed with methanol just before use. 

The glassy carbon electrode was also polished with the alumina suspension and 

sonicated for 5 minutes in a ultrasonic bath with double distilled water and finally 

rinsed with methanol just before the deposition of a mercury film. 

Deposition of a mercury film on the glassy carbon electrode. 

The pretreated glassy carbon electrode was immersed in a 3mM mercuric 
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nitrate (Hg(N03)2) solution in 0.5M potassium nitrate (KN03) and 1% nitric acid 

(HN03). A mercury film was deposited on the surface of the electrode by applying 

a negative potential of 780 mV vs Ag/AgCl for a period of 6 minutes. During this 

time the solution of mercuric nitrate was not stirred. After depositing the mercury 

film, the electrode was immersed in a 0.1M HC104 solution and a negative potential 

of 780 mV vs. Ag/AgCl was applied for a period of 6 minutes. This was done to 

ensure that any mercury(II) adsorbed on the mercury film was reduced to elemental 

mercury, thereby becoming part of the mercury film. Finally, the electrode was 

carefully rinsed with double distilled water. 

Cyclic voltammograms of L-cysteine, L-cystine, 3-mercaptopropionic acid, 

dimercaptosuccinic acid and dimercaptopropane sulfonic acid were obtained with a 

mercury film, gold and platinum electrodes. A series of electrolyte solutions were 

used in order to examine the effect of pH and supporting electrolyte on the 

electrochemistry of the analytes. All experiments were performed at room temperature 

(25°C), under an atmosphere of nitrogen. The experimental parameters of the 

electrochemical system, such as scan rate, initial and final potentials, etc, depended 

on the pH, supporting electrolyte and compound being analyzed. 

The effect of pH, scan rate, concentration of analyte and presence of some 

metals, such mercury and arsenic, was study. The experimental parameters and the 

measurements obtained are listed in the preceding chapter of this thesis. 
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Cyclic voltammograms of solutions containing cysteine and mercury(II), as 

well as cysteine and arsenic(III) were obtained by using the mercury film electrode 

and gold electrode respectively. The experiments were performed as described above. 

The solutions where made by adding the corresponding metal (mercury(II) or 

arsenic(III)), to the cell containing previously deaerated cysteine solution. The 

cysteine/metal molar ratio varied from 0.5 to 1.5 and the electrochemical behavior of 

the mixture was analyzed. The effect of pH and supporting electrolyte was also 

studied. The cyclic voltammetry of arsenic(III) required the reduction of arsenic to 

elemental arsenic, under the same experimental conditions used for its anodic stripping 

voltammetry. The sensitivity of the system depended greatly on the pretreatment of 

the electrode, deposition time and potential, scan rate, etc., therefore, a series of 

experiments were performed in order to find the best conditions to run the experiment. 

As for anodic stripping voltammetry the height of the oxidation peak was directly 

proportional to the deposition time and the scan rate. The surface of the electrode as 

described before in order to maintain a clean and reproducible surface. Finally the 

deposition potential was limited by the potential at which arsenic(III) started to be 

reduced under the experimental conditions. 

Cyclic voltammograms of cysteine were obtained with the glassy carbon 

electrode. The same experimental conditions and parameters used in the experiments 

with the mercury film electrode were employed for purposes of comparison. 

In order to obtain the proper baseline for each experiment, the background 
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current for a scan without the analyte under the same conditions of the experiment 

(electrolyte, surface pretreatment, etc.), was recorded. 
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R E S U L T S  A N D  D I S C U S S I O N  

Cyclic voltammetry of L-cysteine with a mercury film electrode. 

As reported by DeAngelis et al.(53), a reversible voltammogram was obtained 

for L-cysteine with a mercury film electrode and 0.1M HC104 as the supporting 

electrolyte (Fig 1). The potential difference of 52mV between the two peaks in the 

voltammogram accounts for a reversible one electron transfer reaction of a cysteine-

mercury compound, as proposed by Kolthoff and Barnum(3,6). The peak separation for 

the mercury-cysteine system, however is scan rate dependent (Table 1), and indicates 

that the electron transfer reaction is not reversible. However, as pointed out by 

Heineman and Kissinger(51), the peak separation may increase with increasing the scan 

rate and a system that appears reversible at one scan rate, may become irreversible 

at faster scan rates. 

The Ej/2 value for the system at a scan rate of 100 mV/s, is in the range 

between -34 mV and -65 mV vs Ag/AgCl, which coincides with the values reported 

by DeAngeles et al(53). The the anodic peak current is smaller than the cathodic peak 

current; ipa/ipc=0.92, which indicates that the electrochemical reduction is followed 
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Fig. 1 Cyclic voltammogram of 2mM L-Cysteine in O.IM HC104 at a 

mercury film electrode and a scan rate of 100mV/s. 
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T A B L E  1  

Scan rate effect on the peak potentials, half wave potential and peak potential difference 
of L-cysteine with the mercury film electrode. Temperature = 25°C, concentration of L-
cysteine = 2mM, supporting electrolyte = 0.1M HC104. 

u(mV/s) Epc(mV) Epa(mV) $Ep(mV) E1/2(mV) 

50 -81 -50 31 -65.5 

100 -90 -40 50 -65 

150 -96 -39 57 -67.5 

200 -102 -32 70 -67 

300 -108 -24 84 -66 

500 -126 

o
 i 106 -73 
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by a chemical reaction(51,58). 

Cyclic voltammograms of 2mM L-cysteine in 0.1M perchloric acid at a mercury 

film electrode were obtained at different scan rates. Table 2 shows a continuous increase 

of the anodic peak current with an increase of the scan rate, giving a peak current ratio 

ip»/ipc=1 at a scan rate of 500 mV/s. For a reversible electron transfer reaction with no 

chemical complications the peak current ratio must be close to unity and scan rate 

independent; however, as reported by Nicholson and Shain(59), the peak current ratio is 

a function of the scan rate for reversible electron transfer reactions coupled to a chemical 

reaction. The effect of the scan rate on the peak current ratio depends on the kinetics of 

both, the electron transfer and the chemical reaction. In the case of cysteine with the 

mercury film electrode at pH 1, the dependence of the peak current ratio on the scan rate 

is explained by the following. When the chemical reaction following the reduction of the 

mercury-cysteine compound is fast compared to the potential scan, some of the reduction 

product is used by this reaction and decreases the amount of reduced compound available 

for the oxidation during the reverse scan, which yields a smaller anodic current. As the 

scan rate increases, the time available for the chemical reaction to consume the reduction 

product decreases, resulting in an increase of the anodic current, as well as the peak 

current ratio. 

Figure 2 shows the dependence of the cathodic and the anodic peak current on 
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Fig. 2 Dependence of the cathodic(v) and anodic(*) peak currents on the 

root of the scan rate. 
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Effect of the scan rate on the cathodic and anodic peak current of the cyclic voltammetry 
of L-cysteine with the mercury film electrode. Temperature = 25°C, concentration of L-
cysteine = 2mM, supporting electrolyte = 0.1M HC104. 

i>(mV/s) ^pcO^A) ip»/ipc 

50 6.8 4.8 0.71 

100 10.5 8.7 0.83 

150 15.5 13.9 0.90 

200 18.6 17.0 0.92 

300 25.6 24.8 0.97 

500 35.2 35.2 1.0 
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the square root of the scan rate. Both peak currents (i^ and ipj are directly proportional 

to the square root of the scan rate, supporting the reversibility and diffusion control of 

the process(51,58). 

The slope of the plots in Fig 2, are used to obtain the diffusion coefficients (D 

in cm2/s) of the oxidized and reduced species involved in the cyclic voltammetry of 

cysteine at a mercury film electrode with an area of 0.071cm2. The values are Dred = 

2.5 x 10"3 cm2/s and Dox = 2.9 x 10"3 cm2/s. 

Concentration Dependence. 

A series of cyclic voltammograms of cysteine in 0.1M HC104 solution were 

obtained with the mercury film electrode at various concentrations. The concentrations 

used were 0.2mM, 0.4mM, 2mM, 4mM, 6mM, lOmM and, 20mM. Solutions with 

concentrations between 2 and lOmM gave a reversible cyclic voltammogram with the 

same scan rate dependence that for 2mM cysteine solution. However, solutions 

containing 0.2, 0.4 and 20mM L-cysteine show no reversible process. At concentrations 

up to 0.4mM (Fig 3) and scan rates of 100 mV/s, two cathodic waves at 223 and -

151mV are observed. The first wave may be attributed to the dissolution of adsorbed 

mercury-cysteinate, and the second wave to its reduction*4,10*. Three sharp peaks 

characteristic of adsorbed species appear at 551, 603 and 675 mV during the anodic scan. 

This peaks are attributed to adsorption of mercury-cysteinate on the 
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Fig. 3 Cyclic voltammogram of 0.4mM L-cysteine in O.IM HC104 at a mercury 

film electrode and a scan rate of 100 mV/s. 
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mercury electrode with the formation of a "tight" mercury-cysteinate film producing a 

current that arises mostly from the sharp change in double layer capacitance, as reported 

by Stankovich and Bard(10). At concentrations as great as 20mM (Fig 4), cysteine shows 

a sharp cathodic peak at -232mV followed by an ill defined prewave. The sharp peak is 

distinctive of adsorbed species and may be due to the desorption of adsorbed mercury-

cysteinate, followed by its reduction yielding the small prewave. Two sharp peaks are 

observed during the anodic scan corresponding to the adsorption of the oxidized cysteine 

with the formation of a mercury-cysteinate film as the potential becomes more positive. 

The film formation that occurs at concentrations of cysteine as great as 20mM, is 

passivated by the formation of additional layers of the mercury-cysteinate, decreasing the 

permeability of the layer to cysteine04' and causing any diffusion controlled wave to 

decrease or disappear. 

A linear increase of the cathodic and anodic peak current with increasing the 

concentration of cysteine is observed in a concentration rage from 2 to lOmM. Table 3 

shows the relation between peak current and cysteine concentration. 

Cyclic voltammograms of 2mM L-cysteine in 0.1M, 0.01M and 0.001M 

perchloric acid were obtained. Tables 4 and 5 show the effect of pH on the cyclic 

voltammetry of L-cysteine. It can be seen that the half wave potential moves towards a 

more negative value as the concentration of perchloric acid decreases (pH increases), 
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Fig. 4 Cyclic voltammogram of 20mM L-cysteine in 0.1M HC104 at a mercury 

film electrode and a scan rate of 100 mV/s. 
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T A B L E  3  

Effect of the concentration of L-cysteine on the cathodic and anodic peak currents 
obtained from cyclic voltammograms at a mercury film electrode. Temperature = 25 
°C, supporting electrolyte = 0.1 M perchloric acid, scan rate = 100 mV/s 

[L-cysteine] mM ipc (/*^) iP. (m A ) 

4.0 8.9 9.2 

6.0 14.3 13.5 

10.0 21.8 20.0 
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which coincides with that reported by Stankovich(I0) and Koltoff°'3). This indicates that 

the electron transfer reaction depends on the concentration of hydrogen ion, as expected. 

A loss of reversibility is also observed, indicated by the increase of the peak potential 

difference with increasing pH. An increase in the peak current ratio as the pH increases, 

suggests the dependence of the chemical reaction coupled to the electron transfer, on the 

concentrations of hydrogen ion. It is proposed that the complexation of elemental 

mercury by cysteine occurs after the reduction of dissolved mercury cysteinate, and that 

such a reaction is favored by the presence of hydrogen ion, resulting in a smaller anodic 

peak and peak current ratio, at lower pH values. 

Figure 5 shows the cyclic voltammogram of 2mM L-cystine with the mercury 

film electrode and 0.1M perchloric acid as the supporting electrolyte. An ill defined 

anodic wave at 319mV, followed by a peak at 564 mV vs Ag/AgCl are observed at a 

scan rate of 100 mV/s. The first wave, results from the formation of mercury-cysteinate 

followed by its oxidation to cystine. During the reverse scan two cathodic waves appear. 

One at 360 mV, due to the reduction of cystine to form mercury cysteinate followed by 

its subsequent reduction to cysteine at 96 mV vs Ag/AgCl. 

A series of cyclic voltammograms of L-cysteine in the presence of Hg(II) in 

solution were obtained with the mercury film electrode. Different molar ratios 

(cysteine/Hg+2), were used under the same experimental conditions employed for the 

cyclic voltammogram of 2mM L-cysteine. Table 6 shows the relation between the molar 
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Fig. 5 Cyclic voltammogram of 2mM L-cystine in 0.1M HC104 at a mercury 

film electrode and a scan rate of 100 mV/s. 



T A B L E  4  

55 

Effect of pH on the half wave potential of L-cysteine at a mercury film electrode. 
Temperature= 25°C, Concentration of L-cysteine ==2mM, supporting electrolytes = 
perchloric acid, scan rate=100 mV/s. 

PH Epc(mV) Epa(mV) AE(mV) E^mV) 

1 -60 -8 52 -34 
778 
2 -101 -41 60 -71 

3 -280 -104 176 -192 

T A B L E  5  

Effect of the pH on the cathodic and anodic peaks (ipc, ipj for the cyclic voltammetry 
of L-cysteine at a mercury electrode. Temperature=25°C, Concentration of L-
cysteine=2mM, 
supporting electrolyte = perchloric acid, scan rate= lOOmV/s. 

PH ipcO^A) ip.0*A) ipa^ipc 

1 11.2 6.9 0.61 

2 4.2 3.4 0.80 

3 5.1 4.7 0.92 
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ratio ([cysteine]/[Hg+2]) and the cyclic voltammetry of the system (ip,/^). Molar ratios 

([cysteine]/[Hg+2] of 10, 5, 2, 1 and 0.8 were used. At molar ratios equal to, or larger 

than 2 the system remained reversible, with a very large charging current and E1/2 around 

-22mV vs Ag/AgCl. At molar ratios of 1 and lower, no anodic peak appeared and the 

cathodic peak potential moved from an average of -50mV to an average of -87mV 

vs Ag/AgCl, indicating that a different complex between cysteine and mercury is formed 

in an irreversible process. 

The cyclic voltammogram of 3mM mercury(II) in 0.1M perchloric acid with a 

glassy carbon electrode was obtained (Fig 6). It can be seen that at 50 mV/s a diffusion 

controlled reduction of mercury occurs at -141mV vs. Ag/AgCl. The process is 

irreversible with a peak characteristic of adsorbed species appearing at 228 mV vs 

Ag/AgCl during the reverse scan. The cathodic peak potential (E^) moves towards a 

more negative value with increasing the scan rate, and the peak current is directly 

proportional to the square root of the scan rate. The scan rate does not affect the anodic 

peak potential, but affects the peak current. 

After the equimolar addition of L-cysteine to the system containing mercury(II), 

a cyclic voltammogram was obtained with the glassy carbon electrode. In the first scan 

two small cathodic waves at 97mV and -67mV vs Ag/AgCl appeared, followed by an 

irregular sigmoidal wave. The two first waves may be due to the 
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Fig. 6 Cyclic voltammogram of 3mM mercury(II) in O.IM HC104 at a glassy 

carbon electrode, 3mm in diameter and 50 mV/s. 
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T A B L E  6  

Effect of mercury(II) in solution, on the cyclic voltammetry of L-cysteine at a mercury 
film electrode. Temperature=250C, concentration of L-cysteine= 2mM, supporting 
electrolyte=0.1M perchloric acid, scan rate= lOOmV/s. 

[Csy]/[Hg+2] ip»/ipc Ec(mV) Ea(mV) E1/2(mV) AE(mV) 

10 1.04 -40 5 -17.5 45 

5 1.07 -40 6 -17 46 

2 1.00 -52 2 -27 50 

1 - -86 - - -

0.81 _ -92 _ _ 
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reduction of different mercury-cysteine complexes formed. The reverse scan shows a 

very sharp peak, characteristic of adsorption, at 266 mV vs Ag/AgCl. Its shape and peak 

potential are very similar to the anodic peak observed for mercury in the absence of 

cysteine. The system changes during a second scan; only one symmetrical cathodic peak 

appears at -136mV, followed by a small anodic peak at 261mV vs Ag/AgCl, during the 

reverse scan (Fig 7). Both peaks are characteristic of adsorbed species, following the 

pattern shown by mercury in the absence of cysteine. These results show only a slight 

effect of cysteine on the cyclic voltammetry of mercury(II). Only a small amount of 

mercury(II)-cysteinate is formed and reduced at 94mV and -67 mV vs Ag/AgCl, during 

the first scan followed by an irreversible process that consumes all of the reduced 

cysteine. In the second scan most of the mercury in solution is reduced and adsorbed on 

the electrode surface at -136 mV, very close to the potential at which it is reduced in the 

absence of cysteine. In the oxidizing scan some of the adsorbed mercury gets oxidized 

and dissolved, yielding the sharp peak around 260mV vs Ag/AgCl. 

The absence of an anodic peak during the cyclic voltammetry of cysteine with an 

excess of mercury(II) in solution and the mercury film electrode, may be due to the same 

reaction that consumes reduced cysteine in the experiment described above. 

Cyclic voltammetry of 3-mercaptopropionic acid was performed in 0.1M 
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Fig. 7 Cyclic voltammogram of 1.2 mM mercury(II) in the presence of 1.2mM 

L-cysteine and 0.1M HC104 at a glassy carbon electrode, 3mm in diameter 

and 50 mV/s. 
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HC104 with the mercury film electrode. Figure 8 shows the voltammogram for 2mM 3-

mercaptopropionic acid at a scan rate of lOmV/s. A quasireversible system is 

characterized by a peak potential difference of 66 mV vs Ag/AgCl, and a peak current 

ratio (ipa/ipc) of 0.75. The peak current (i^ and ipa) increase is directly proportional to an 

increase in the square root of the scan rate, indicating that the process is controlled by 

the diffusion of the electroactive species. At a scan rate of 500mV/s (Fig 9) the peaks 

shift towards a more positive direction and a second redox couple appears. Table 7 shows 

the parameters of these voltammograms. The cyclic voltammetry of 

dimercaptopropanesulfonic acid (DMPS) with the mercury film electrode in 0.1M 

perchloric acid is shown in Figure 10. The system is characterized as an irreversible 

electron transfer process coupled to a fast chemical reaction (EC). Two cathodic peaks 

are observed; a small spike distinctive of adsorbed species appears at a scan rate equal 

or greater than 50 mV/s, followed by a larger sharp peak at -208 mV vs Ag/AgCl, due 

to the reduction of the DMPS-mercury complex in a diffusion controlled process. It is 

observed that its peak current increases linearly with the square root of the scan rate, up 

to a scan rate of 300 mV/s; after this point the scan rate has no effect on the peak current 

(Table 8). An ill-defined small anodic peak at -122 mV appears at a scan rate equal or 

greater that 50 mV/s, due to the oxidation of a small amount of the reduced DMPS that 

is not consumed by the chemical reaction. A linear increase of the peak current is 

observed with an increase of the scan rate, indicating an adsorption 
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Fig. 8 Cyclic voltammogram of 2mM 3-mercaptopropionic acid in O.IM HC104 

at a mercury film electrode and a scan rate of 10 mV/s. 
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T A B L E  7  

Effect of scan rate on the cyclic voltammetry of 3-mercaptopropionic acid at a mercury 
film electrode. 
Temperature=25°C, concentration of 3-MPA = 2mM. supporting electrolyte=0.1M 
perchloric acid. 

Scan rate = 10 mV/s 

Epc(mV/s) Epa(mV/s) AE(mV/s) E1/2(mV) ip./y 

-42 24 66 -10 0.75 

Scan rate = 

Epc,(mV) 

20 

500 mV/s 

EpcaCmV) 

-8 

Epa,(mV) Epa2(mV) AEj(mV) AEzCmV) 

-62 108 42 45 
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Fig. 9 Cyclic voltammogram of 2mM 3-mercaptopropionic acid in O.IM HC104 at 
a mercury film electrode and scan rate of 500mV/s. 



65 

T A B L E  8  

Effect of scan rate on the cyclic voltammetry of dimercaptopropanesulfonic acid(DMPS). 
Temperature=25°C, concentration of DMPS = 1.8 mM, supporting electrolyte= 0.1M 
perchloric acid. 

y(mV/s) Epc(mV) Ea,(mV) E2(mV) E3(mV) ipc(M) 

10 -189 - 190 - 5.7 

20 -189 - 190 - 9.9 

30 -200 - 191 320 13 

50 -202 -156 198 319 16.9 

100 -200 -126 252 ' 281 46.1 

200 -208 -122 271 >399 56.9 

300 -217 -132 238 >399 63.8 

400 -230 -153 237 >399 69.2 

500 -239 -155 236 >399 85.4 

600 -239 -156 233 >399 58.5 

700 -280 -150 232 >399 47.7 

1000 -254 -160 200 >399 73.8 

2000 - -179 >399 >399 89.2 
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Fig. 10 Cyclic voltammogram of lOmM dimercaptopropanesulfonic acid in 0.1M 
HC104 at a mercury film electrode and a scan rate of 200 mV/s. 
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process. Two additional anodic peaks characteristic of adsorption, appear at more 

positive potentials. The peaks are independent of the scan rate. The irreversibility of the 

whole process is supported by the cyclic voltammograms and parameters obtained. 

Cyclic voltammetry of meso and d,l dimercaptosuccinic acid (DMSA) at a 

mercury film electrode. 

Figure 11 shows the cyclic voltammogram of lOmM meso DMSA in 0.1M HC104 

at a scan rate of lOOmV/s. Three anodic waves appear at -247, -95 and 231 mV, 

followed by a cathodic wave at -241 mV vs Ag/AgCl during the reverse scan. There is 

a great similarity between this voltammogram and that for DMPS; however, peak shifts 

towards more negative potentials are observed for DMSA. 

The voltammogram obtained for lOmM (d,l) DMSA in 0.1M HC104 at a scan rate 

of lOOmV (Fig 12), shows exactly the same pattern as the voltammogram for meso 

DMSA, with the anodic peaks appearing at -250, -130 and 220 mV, and the cathodic 

peak at -245mV vs Ag/AgCl. No significant difference is observed between the cyclic 

voltammetry of meso DMSA and d,l,DMSA, with the mercury film electrode, indicating 

similar reactivities of both compounds at the mercury electrode. 

Cyclic voltammetry of (d,l) DMSA in perchloric acid at a gold electrode. 

Figure 13 shows the voltammogram of 0.1M perchloric acid at a scan rate of 200 

mV/s, with the gold disk electrode. Two anodic waves at 1155 mV and 1316 mV 
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Fig. 11 Cyclic voltammogram of 10 mM meso dimercaptosuccinic acid in O.IM 

HC104 at a mercury film electrode and a scan rate of 100 mV/s. 
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Fig. 12 Cyclic voltammogram of lOmM d,l dimercaptosuccinic acid in 0.1M 

HC104 at a mercury film electrode and a scan rate of 100 mV/s. 
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vs Ag/AgCl arise from the formation of surface oxides, which are reduced at 875 mV 

vs Ag/AgCl during the reverse scan, yielding a cathodic peak distinctive of an adsorption 

process. 

Figure 14 shows the voltammogram of lOmM d,l DMSA in 0.1M perchloric acid 

at a scan rate of 100 mV/s, with the gold disk electrode. The oxidation of d,l DMSA 

occurs in the potential region of surface oxide formation, producing a well defined anodic 

wave at 1167 mV, with a peak current eleven times greater than the anodic current for 

the oxide surface formation. The wave is characteristic of an adsorption process, 

suggesting that the disulfide produced by the oxidation of DMSA is adsorbed on the gold 

surface, thereby preventing the formation of surface oxides. This is supported by the 

absence of a cathodic peak that arises from the reduction of surface oxides, as was 

observed during the cathodic scan of the supporting electrolyte. 

Figure 15 shows the cyclic voltammogram of lOmM L-cysteine in 0.1M 

perchloric acid with the gold disk electrode. The oxidation of cysteine occurs in the 

potential range of the surface oxide formation, as in the oxidation of d,l DMSA. A sharp 

peak at 1076 mV vs Ag/AgCl arises from the oxidation of cysteine to cystine, followed 

by an ill-defined wave due to the oxidation of cystine at 1376 mV vs Ag/AgCl. The first 

wave is distinctive of an adsorption process, indicating that the oxidation product, 

cystine, is adsorbed on the gold surface. A small cathodic wave at 856 mV vs Ag/AgCl, 

appears due to the reduction of a small amount of surface oxide 
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Fig. 13 Cyclic voltammogram of O.IM HC104 at a gold disk electrode, 1mm in 

diameter and a scan rate of 600 mV/s. 
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Fig. 14 Cyclic voltammogram of lOmM d,l dimercaptosuccinic acid in O.IM HC104 

at a gold disk electrode, 1mm in diameter and a scan rate of 100 mV/s. 
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Fig. 15 Cyclic voltammogram of lOmM L-cysteine in O.IM HC104 at a gold disk 

electrode, 1mm in diameter and a scan rate of 100 mV/s. 
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formed in the anodic scan. The comparison of the voltammogram of L-cystine with the 

voltammogram of d,l DMSA, shows that similar processes occur with both mercapto 

compounds at the gold electrode; however, a better surface coverage is achieved by the 

adsorption of the oxidized DMSA than by the adsorption of cystine. This is supported 

by the larger adsorption peak obtained in the oxidation of DMSA and the absence of a 

cathodic peak due to the reduction of the surface oxide. It is also observed that the 

oxidation of cysteine occurs 100 mV before the oxidation of d,l DMSA. 

Cyclic voltammetry of d,l DMSA and L-cysteine at the platinum disk electrode. 

The cyclic voltammogram of perchloric acid is used to characterize surface oxide 

formation and its reduction at a platinum electrode (Fig 16). The surface oxide formation 

starts around 600 mV vs Ag/AgCl, producing an ill-defined wave followed by the 

continuous increase of the anodic current due to oxygen evolution. During the reverse 

scan a cathodic wave caused by the reduction of the surface oxide appears at 420 mV vs 

Ag/AgCl. Due to the small overpotential for hydrogen evolution exhibited by platinum, 

two anodic peaks and their corresponding cathodic couples appear at potentials more 

negative than 100 mV vs Ag/AgCl, and are characterized as hydrogen oxidation and 

hydrogen evolution, respectively. 
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Fig. 16 Cyclic voltammogram of O.IM HC104 at a platinum disk electrode, 1mm 

in diameter and a scan rate of 200 mV/s. 
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Figure 17 shows the voltammogram of lOmM d,l DMSA in 0.1M perchloric acid, 

with the platinum disk electrode. A prewave at 780 mV, followed by an anodic wave at 

1062 mV vs Ag/AgCl are observed during the oxidizing scan. Both waves appear in the 

potential range for surface oxide formation, and have greater peak heights than the wave 

obtained for the oxide formation in the presence of the electrolyte. The waves seem to 

be related to a surface process involving the oxidation of DMSA and the adsorption of 

the disulfide obtained, as was found with the gold electrode. It is important to point out 

that the anodic peaks obtained with the gold electrode are much larger and better defined 

than the ones obtained with the platinum electrode, which is probably caused by the 

stronger adsorption of disulfide compounds on gold than on platinum. An increase of the 

anodic current due to oxygen evolution is observed at 1500 mV vs Ag/AgCl. A decrease 

of the cathodic current occurs just before the ill-defined wave to the reduction of surface 

oxide at 364 mV vs Ag/AgCl. It is believed that such a decrease in the current is due to 

the continued oxidation of DMSA during the cathodic scan. 

The cyclic voltammogram of lOmM L-cysteine in 0.1M perchloric acid with the 

platinum disk electrode is shown in Fig 18. An ill-defined anodic wave due to the 

oxidation of cysteine to cystine appears at 1090 mV, followed by a small cathodic wave 

due to the reduction of surface oxide at 363 mV vs Ag/AgCl. The comparison of the 

cyclic voltammetry of cysteine and DMSA at the platinum electrode shows that 
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Fig. 17 Cyclic voltammogram of lOmM d,l dimercaptosuccinic acid in O.IM 

HC104 at a platinum disk electrode, 1mm in diameter and a scan rate of 

100 mV/s. 
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Fig. 18 Cyclic voltammogram of lOmM L-cysteine in O.IM HC104 at a platinum 

disk electrode, 1mm in diameter and a scan rate of 100 mV/s. 
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the oxidation of the mercapto group occurs at very similar potentials for both 

compounds, and contrary to that observed with the gold electrode, DMSA oxidizes 30 

mV before cysteine. Regarding the electrode surface coverage, it can be seen that a better 

coverage is obtained by the adsorption of oxidized DMSA, which is supported by its 

larger adsorption anodic peak and a much smaller cathodic peak due to the reduction of 

surface oxide. It can be seen that the potential at which the surface oxide is reduced is 

shifted towards a more negative value in the presence of the mercapto compounds, 

indicating a surface coverage by the oxidized compound. The extent of such a coverage 

is controlled by the nature of the electrode and the adsorbed disulfide. 

The pH effect on the cyclic voltammetry of L-cysteine with the gold disk 

electrode was studied. The anodic peak potential due to the oxidation of cysteine to 

cystine, as well as the peak potentials for the surface oxide formation and reduction, are 

reported as a function of pH in Table 9. Two anodic waves are observed due to the 

oxidation of cysteine to cystine and the subsequent oxidation of cystine to cysteic acid. 

The second wave may overlap the oxidation of cystine and the surface oxide formation, 

since only a partial surface coverage with cystine is achieved. A small cathodic wave 

attributed to the reduction of the surface oxide is observed during the reverse scan. Table 

9 shows the shift of all the peaks towards more negative potentials 
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T A B L E  9  

Effect of pH on the cyclic voltammetry of L-cysteine at a gold disk electrode. 
Temperature= 26°C, concentration of cysteine = 20mM, ionic strength = 0.5 M, scan 
rate = 100 mV/s, electrode diameter = 1 mm. 

PH Epa^mV) Epa2(mV) Epo(mV) 
1 - 1170 875 

2 854 1257 494 

6 778 1265 655 

8 660 942 409 

10 558 786 269 
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T A B L E  1 0  

Effect of L-cysteine on the oxidation of arsenic(III) at various pH values. Temperature 
= 24°C, scan rate = 100 mV/s, working electrode = 1mm diameter gold disk electrode, 
concentration of L-cysteine = 12 mM, concentration of arsenic(III) = 12 mM, molar 
ratio [cysteine]/[arsenic(III)] = l. 

pH Ec3(mV) 

1 884 

6 242 

8 428 

10 335 

Ea,(mV) Ea2(mV) 

274 1137 

-14 727 

-82 739 

-260 676 

Ea3(mV) Ec^mV) 

1275 -

1100 -377 

940 -195 

887 -981 

where: Ec, = peak potential for the reduction of complexed arsenic(III) to elemental 
arsenic, Ec3 = peak potential for the reduction of surface oxide, Ea, = peak potential 
for the oxidation of complexed arsenic with cysteine, Ea2 = peak potential for the 
oxidation of cysteine to cystine, Ea3 = peak potential for the formation of surface oxide. 



82 

T A B L E  1 1  

Effect of L-cysteine on the oxidation of arsenic(III) at various pH values. Temperature= 
25°C, scan rate =100 mV/s. 

']/[cys] pH Eao(mV) Eac(mV) AB<mY) 

1 1 215 274 59 

1 6 -82 -14 68 

1 8 -164 -82 82 

1 10 -365 -280 85 

1/2 10 -365 -270 95 

where: Eao= potential for the oxidation of elemental arsenic to arsenic(III), Eac= 
potential for the oxidation of complexed arsenic with L-cysteine and AE = absolute 
difference between the two potentials. 
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with increasing pH. 

The study of mercapto compounds as complexing agents for arsenic was carried 

out by obtaining a series of cyclic voltammograms of arsenic in the presence of L-

cysteine at various pH values. A comparison of the cyclic voltammetry of arsenic, before 

and after the addition of cysteine, led to the conclusion that an arsenic-cysteine complex 

is formed, which is oxidized at more positive potential than uncomplexed arsenic. Table 

10 contains the peak potentials obtained from the cyclic voltammetry of arsenic in the 

presence of cysteine, at different pH values. Table 11 shows the shift of the peak 

potential for the oxidation of arsenic (DE) in the presence of cysteine. 

The effect of cysteine on the oxidation potential of elemental arsenic can be seen 

by its shift towards more positive values, which means that the oxidation of elemental 

arsenic becomes more difficult in the presence of cysteine, probably due to its 

complexation. Table 10 shows that the shift of the oxidation potential of arsenic in the 

presence of cysteine increases with increasing pH, indicating that the interaction between 

arsenic and cysteine is favored at higher pH, and hence, at higher concentrations of 

deprotonated cysteine species. The potential shift for the oxidation of arsenic does not 

seem to be significantly affected by the molar ratio, arsenic/cysteine. The oxidation 

potential of arsenic in a 1:1 and 1:2 arsenic/cysteine ratio at pH 10, occurs at -280mV 

and -270 mV vs Ag/AgCl, respectively, which indicates that very similar arsenic-cysteine 

complexes are formed in both systems. 



C O N C L U S I O N S  

The cyclic voltammetry of L-cysteine at a mercury film electrode agrees with 

the reversible one electron transfer reaction of a mercury-cysteinate compound, as 

proposed by Koltoff®. The scan rate, pH and concentration studies performed indicate 

that the reduction of the cysteinate is followed by a chemical reaction that may involve 

the conplexation of elemental mercury by reduced cysteine and favored by the 

presence of hydrogen ion. 

Cysteine does not have a significant effect on the cyclic voltammetry of 

mercury at a glassy carbon electrode when present in equimolar amounts. This 

indicates that no significant amount of stable mercury cysteinate is formed in solution 

under these conditions, thereby allowing cysteine to be adsorbed and dissolved in the 

mercury film being deposited on the electrode in each scan. 

The cyclic voltammetry of DMPS, d,l and meso DMSA at a mercury film 

electrode gave very similar results; therefore, these compounds cannot be 

distinguished by a comparison of their cyclic voltammograms. The cyclic 

voltammograms of cysteine and 3-MPA are extremely sensitive to the solution 

conditions (pH, ionic strength, etc.) and to the electrochemical variables (e.g. scan 

rate) that are employed. The results obtained with the mercury electrode depend 

entirely on the pretreatment of the electrode, deposition of the mercury film, scan 
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rate, potential limits, age of the solution and complete absence of air, among other 

factors. The lack of control of these factors leads to inconsistent and uncertain results. 

The adsorption peaks and potential for the oxidation of cysteine are quite 

different from those of d,l DMSA, when a gold or platinum electrode is used. The 

reduction of surface oxide formation is explained by the adsorption of the oxidized 

mercapto compound (disulfide), and depends on the surface of the electrode and the 

nature of the mercapto compound. The results show that disulfide compounds are 

better adsorbed on a gold surface than on a platinum surface, and disulfides obtained 

by the oxidation of d,l DMSA are better adsorbed than cystine, resulting in a larger 

coverage of the surface. 

According to the data obtained elemental arsenic is complexed by cysteine, 

resulting in a shift of its oxidation potential towards a more positive value. The 

complexation of arsenic by cysteine is favored at high pH, probably due to the 

deprotonation of the species involved, i.e. arsenious acid and cysteine. In order to 

obtain an oxidation peak large enough to be detected, the analysis requires the 

reduction of arsenic(III) to elemental arsenic in the presence of cysteine. The 

reliability of the data obtained is highly dependent on the experimental variables: the 

pretreatment of the electrode, scan rate, potential limits, deposition time, number of 

scans, among others, must be carefully controlled and kept constant during the 

experiment. 
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