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II. ABSTRACT 

The electrochemical behavior of the four arsenic species, As(III), As(V), 

monomethylarsonic acid (MMA), and dimethylarsinic acid (DMA), was examined 

at a gold disk electrode. The As(III) species in solution was determined by anodic 

stripping voltammetry. The experimental conditions that were established for this 

determination were employed for the determination of As(III) that was formed by 

the reduction of As(V) by glutathione. The presence of an Arsenic (III) -

glutathione complex in solution was established by cyclic voltammetiy. 
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III. INTRODUCTION 

An important topic in environmental chemistry is the identification of 

arsenic compounds. Arsenic compounds exhibit varying degrees of toxicity; it is 

important, therefore, to be able to separate and detect the various forms of 

arsenic. Because arsenic is often found in environmental and biological samples at 

parts per billion levels, it is necessary to have reliable methods of analysis for all 

arsenic species at part per billion levels. Arsenic commonly exists as four different 

compounds: HAs02 (arsenious acid - As(III)), H3As04 (arsenic acid - As(V)), 

(CH3)H2As03 (monomethylarsonic acid - MMA), and (CH3)2HAs02 

(dimethylarsinic acid - DMA). One objective of this study was to develop a 

method that would detect MMA and DMA at parts per billion levels. 

Arsenic is reduced and chelated by sulfhydryl compounds that are present 

in vivo. The reaction of the sulfhydryl compound, glutathione, with As(III), As(V), 

MMA, and DMA was explored in this work. 
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IV. LITERATURE REVIEW 

A. Polarography 

Henry et al (1979) determined As(III) and As(V) by differential pulse 

polarography. The limit of detection in a 1M perchloric acid medium was 20 ppb. 

The limit of detection in a 1M hydrochloric acid medium was 7 ppb. As(V) is 

electroinactive in both these media. In order to be detected, As(V) must first be 

chemically reduced to As(III). Bisulfite is used as a source of S02 (,,> to reduce 

As(V) to As(III). 

A solution containing As(III) is first analyzed by the method of standard 

additions. This involves analyzing the unknown solution, spiking the solution with 

a known amount of As(III), and analyzing again. The diffusion current is 

proportional to the As(III) concentration, so the concentration of the unknown 

sample can be determined by comparing the current peak heights (ip) of the two 

samples. Bisulfite is then added and the solution is heated to facilitate the 

reduction of As(V) to As(III). After this reduction, the solution is again analyzed 

for As(III). This last analysis represents total arsenic as As(III). The difference 

between the total arsenic and As(III) analyzed first, is equal to the amount of 

arsenic in the solution that existed previously as As(V). 

Reed and Stolzberg (1987) analyzed As(III) by differential pulse 

polarography. They studied the effects of Pb(II) and T1(I) interferences. As(III), 

Pb(II), and T1(I) all give a peak response at about -0.6 V vs Ag/AgCl in 1M HC1. 
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Any large amounts of Pb(II) or T1(I) will, therefore, interfere with the As(III) 

analysis. This study showed that the Pb(II) and T1(I) could be removed from the 

solution by passing the solution through a cation exchange column. After cation 

exchange, the detection limit for As(III) was 12 ppb. 

Elton and Geiger (1978) described a method in which DMA and MMA 

were detected by differential pulse polarography. DMA and MMA were each 

analyzed in non-aqueous media. DMA was found to give a reduction peak at 

about -1.7 V vs. SCE when an acidic supporting electrolyte (guanidinium 

perchlorate) was added. A detection limit of about 100 ppb was achieved. 

MMA gave similar results with a detection limit < 100 ppb. Only the 

DMA had a resolvable reduction peak in aqueous media. The MMA reduction 

peak was too poorly resolved from the solvent reduction peak to be useful. The 

major reduction product of DMA was dimethyl arsine. 

Henry and Thorpe (1980) analyzed As(III), As(V), MMA, and DMA by 

differential pulse polarography. The four compounds were first separated by 

cation exchange and anion exchange chromatography. As(III) was analyzed with 

no further sample preparation. As(V) was analyzed after reduction to As(III) with 

so2 fe). 

MMA could be analyzed after elution out of the chromatographic column 

by the procedure described by Elton and Geiger (1978). Better sensitivity for 

MMA was obtained if the sample was first digested in hot, concentrated 
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perchloric acid. A digestion of 30 minutes was adequate for MMA. The resulting 

solution was then reduced with S02 fe) and analyzed. The limit of detection was 18 

ppb. 

DMA was also analyzed after chromatographic separation by the method 

described by Elton and Geiger (1^78). Again, better sensitivity was obtained if the 

sample was digested. A digestion with hot, concentrated perchloric acid required 

2.5 hours. After reduction with S02 Q,), a detection limit of 8 ppb was obtained. 

Meites (1954) analyzed As(III) by polarography. He found that As(III) 

gave two distinct reduction waves at E1/2 = -0.428 V vs. SCE and E1/2 = -0.65 V 

vs. SCE. The diffusion current constant for the first wave was 6.04 +. 0.03 and the 

diffusion current constant for the second wave was 12.00 +. 0.04. Because this 

second constant is nearly twice the value of the first, it was concluded that the 

first wave corresponded to the 3e" reduction of As(III) to As0, and the second 

wave corresponded to the 3e" reduction of As° to As(-III). 

Susie and Pjescic (1972) studied the same system as Meites (1954) but 

reached a different conclusion. Using a coulometric method, they concluded that 

the total number of electrons transferred in this reduction process was three and 

not six as reported by Meites (1954). The reaction was found to be rate-limited by 

a le" transfer followed by a rapid 2e" transfer. 

The electrochemical reduction of As(V) was first reported by Meites 

(1954) in a supporting electrolyte of 11.5 M HC1. The polarographic response 



showed a double wave with a total diffusion current constant of 10.7 +. 0.2. This 

is almost exactly 8/3 of the diffusion current constant found for the 3e" reduction 

of As(III). Because of this it was believed that the As(V) reduction proceeded 

with 8e" transfer to arsine. Although the first wave height is not quite 5/8 of the 

total wave, it was believed to represent a reduction to As" because As(III) would 

be reduced to As0 at this potential. Because the second wave interferes with the 

first, the first wave height is difficult to determine. This may account for the first 

wave height not being the expected 5/8 of the total wave height. 

White and Bard (1966) also reported polarographic reduction waves of 

As(V). The complexing agent, pyrogallol, was used to complex As(V). When 

pyrogallol was used to complex As(V) in acidic media (1M - 3M HC104), three 

distinct polarographic waves were obtained. The wave heights suggest a 2:3:3 

electron reduction. This corresponds to the stepwise reduction of As(V) to 

As(III), then to As° and finally to As(-III). The diffusion coefficient of the As(V) -

pyrogallol complex is 1.7 x 10"7 cm2 sec.'1. This relatively small value is consistent 

with the diffusion of a bulky complex. There is no shift in the E1/2 of As(III) to 

As0 in the presence of pyrogallol. This indicates that during the reduction of 

As(V), the As(V) - pyrogallol complex is reduced to uncomplexed As(III). 

B. Cyclic voltammetry 

Spini, et al (1985) studied MMA and DMA with cyclic voltammetry on a 

hanging mercury drop electrode. MMA when scanned in a cathodic direction 
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showed no peaks; when the scan was reversed, an anodic peak at -0.05 V vs. SCE 

was observed. When the cathodic scan was repeated, no peaks were observed. 

DMA also, when scanned in a cathodic direction gave no peaks. Scan 

reversal however, showed two cathodic peaks between -0.05 V and -0.2 V vs. SCE. 

When the cathodic scan was repeated, two sharp peaks were obtained. 

The anodic peaks obtained with both MMA and DMA were thought to 

arise from the oxidation of the adsorbed arsines. These peaks were sharp, and the 

peak heights varied with concentration over a narrow range. This is good evidence 

that the peaks arise from an adsorbed species. The peaks were linear in the range 

from 1 - 45 ppm for MMA and linear from 0.3 - 16 ppm for DMA. 

C. Cathodic stripping voltammetry 

Sadana (1983) performed cathodic stripping voltammetry on As(III) and 

As(V) species, using a hanging mercury drop electrode. A concentration of 5 ppm 

Cu(II) in the solution was found to increase the stripping peak. It is assumed that 

during the collection period, As(III) forms an amalgam (Cu3As2) with Cu(II). It is 

known that As° is insoluble in the mercury drop, but this copper-arsenic amalgam 

may be soluble. This would account for the increased stripping response when 

Cu(II) was present. This copper-arsenic amalgam is first collected at an optimum 

potential, and then the potential is scanned in a cathodic direction; a stripping 

peak is observed when the copper-arsenic amalgam is reduced to As(-III) and 

Cu°. The optimum collection potential was found to be -0.6V vs. Ag/AgCl and 
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the optimum supporting electrolyte was 0.75 M HCl. With a two minute collection 

time, a detection limit of 1 ppb was observed. 

As(V) is electroinactive in this supporting electrolyte and must first be 

reduced to As(III) to be detected. As(V) was reduced by heating (95° - 100° C) in 

the presence of concentrated HCl and HBr for 45 minutes. Hydrazinium chloride 

was added to the sample as a preservative to hinder the oxidation of As(III) to 

As(V). The sample was then analyzed as described for the As(III) samples. 

Holak (1980) used cathodic stripping voltammetry to analyze As(III) and 

As(V) at a mercury drop electrode. Se(IV) when added to the sample increased 

the stripping peak of arsenic in much the same way that Cu(II) did, as described 

by Sadana in the previous paper (Sadana, 1983). It is believed that during 

deposition, the arsenic and selenium form an amalgam (As2Se3). This amalgam 

has a higher solubility in the mercury drop than As° and consequently increases 

the height of the stripping peak. The selenium-arsenic amalgam is deposited at an 

optimum potential for 1.5 minutes under conditions of stirring. The stirring is then 

stopped and the potential reduced by 0.1 V and held for 15 seconds. The potential 

is then scanned in a cathodic direction. A stripping peak is observed when the 

As2Se3 is reduced to arsine and Se(-II). A collection potential of -0.5 V vs. 

Ag/AgCl and a supporting electrolyte of 0.1 M sulfuric acid was used. A 

concentration of 50 ppm Se(IV) gave an optimum arsenic stripping response. 

As(V) was reduced by heating in a steam bath for 30 minutes in the presence of 
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concentrated HBr and hydrazine sulfate. The detection limit under these 

conditions for As(III) and As(V) was 2 ppb. 

Henze (1981) analyzed As(III) and As(V) by cathodic stripping 

voltammetry. The procedure of adding Cu(II) to the sample was used. This study 

found a copper concentration of 120 ppm to be the optimum concentration that 

increased the arsenic stripping peaks. As before, the arsenic was collected as the 

copper-arsenic amalgam and stripped out as arsine during a cathodic scan. Using 

a differential pulse scan, arsenic could be determined in the range 0.2 - 20 ppb. 

As(V) could also be detected in a similar manner after reduction to As(III) by 

sulfite. 



V. ANODIC STRIPPING VOLTAMMETRY 

A. Theory 

This analytical procedure allows the detection of electroactive, reducible 

metal species. Because of a deposition step, many metals may be determined at 

ppb levels. The procedure consists of 3 steps: deposition, resting, and stripping. 

During the deposition step, the working electrode is held at a potential that 

will allow the species of interest to be reduced and deposited at this electrode. 

The deposition may last from several seconds to several minutes depending on the 

concentration of the species of interest. Stirring or rotation of the solid electrode 

during this step increases the mass transport of species to the electrode. 

During the resting step, the stirring or electrode rotation is turned off. This 

provides a static solution for the stripping analysis. Also, when using a mercury 

film or drop, the species being deposited in the film or drop is not evenly 

distributed during deposition. The species has a higher concentration near the 

solution boundary. The resting period allows the species in the drop or film to 

redistribute itself evenly throughout the film or drop (Wang, 1985). This resting 

period is typically 20-30 seconds. 

The stripping step is usually a linear scan or differential pulse scan in a 

positive direction. As the EV2 of the collected species is approached, anodic 

current begins to flow. Because only a thin film of analyte is present in the 

electrode, the analyte is completely oxidized or "stripped" out of the electrode. 
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This shows up as a peaked current response. If all other parameters are held 

constant, the peak height or area is directly proportional to the analyte 

concentration. 

Wang (1985) gives several experimental details that ought to be considered 

when designing an anodic stripping voltammetry experiment. They include: 

working electrode, reference electrode, supporting electrolyte, oxygen removal, 

deposition potential, cell treatment, and scanning parameters. 

There are three types of working electrodes available for anodic stripping 

voltammetry: hanging mercury drop electrode, mercury film electrode, and solid 

electrodes. The hanging mercury drop electrode is advantageous in that it has a 

very high hydrogen overpotential. This allows for the analysis of species that may 

be difficult to reduce, such as Zn(II). Because it is a renewable surface, it does 

not suffer, as a solid electrode does, from oxide film formation, or previous 

treatment of the electrode. Because of the large volume of the mercury drop, 

intermetallic interferences are minimized. This problem can occur when more 

than one metal is deposited at the electrode. But, this large volume can cause a 

selectivity disadvantage. The metal in the drop may have to diffuse long distances 

to reach the drop surface. This causes peak broadening and metals with similar 

Ei/2 values may give overlapping peaks. Another disadvantage to this electrode is 

that the stirring rate must be slow enough so that the mercury drop is not 

dislodged. This limits the mass transport of the analyte and the efficiency of the 
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collection step. 

Because of its large surface to volume ratio, the mercury film electrode is 

very selective. Stripping peaks are very narrow so metals with very close E1/2 

values may be distinguished. The stirring rate may be extremely high with this 

electrode and the collection efficiency is, therefore, improved. 

Some problems with the mercury film electrode include a lower hydrogen 

overpotential than the hanging mercury drop electrode. This is caused because the 

mercury film is often plated in situ with the analyte. The electrode substrate is 

often glassy carbon. Although glassy carbon has a fairly high hydrogen 

overpotential, it is much lower than mercury. Even when the mercury film is 

plated before the analyte is collected, a diminished hydrogen overpotential is 

realized during collection. This is because the mercury does not form a complete 

monolayer. It forms minute islands on the carbon substrate. This leaves exposed 

carbon which has a lower hydrogen overpotential than mercury and contributes to 

the overall lower hydrogen overpotential of the electrode. 

Typically, gold, platinum, or carbon are used for solid electrodes. One 

advantage of solid electrodes is their ability to analyze metals with high E1/2 values 

or metals with low solubility in mercury. A disadvantage of solid electrodes is the 

low hydrogen overpotential. For example, in acidic media, hydrogen evolution 

occurs at a potential of -0.3 V vs. Ag/AgCl for gold and -0.1 V vs. Ag/AgCl for 

platinum. The response of the solid electrode is also dependent on the history of 
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the electrode. Oxide layers formed on the electrode may inhibit the stripping 

peak. Because of these obvious disadvantages, solid electrodes are only 

recommended when the metal being analyzed cannot be determined on a mercury 

electrode. 

The reference electrode should be chosen so that the conductive bridge 

from the reference electrode to the cell does not leak. Because of its high 

concentration, KC1 from the electrode can introduce impurities into the sample. 

Wang (1985) recommends an ultra fine porosity sintered-glass disk to isolate the 

reference electrode from the cell. 

The supporting electrolyte concentration should be chosen so that it is the 

principal charge carrier. This allows diffusion to be the major source of analyte 

movement rather than migration due to the electric field. Often the electrolyte 

chosen is an acid. This is because many metals will precipitate out as hydroxides if 

the pH is too high. A large concentration of supporting electrolyte can introduce 

impurities into the system; hence, a concentration of about 0.1 M electrolyte is 

usually chosen. This is a compromise between good electrical conductivity and low 

contamination. Only the purest available reagents should be used as supporting 

electrolytes. 

Oxygen must be removed from the cell because it undergoes a redox 

process that interferes with the determination of many metals. It can be removed 

by purging the system with some other gas, typically nitrogen, for 5-8 minutes. 



After purging, the nitrogen stream should be placed above the solution to blanket 

the solution with nitrogen. This keeps oxygen from redissolving into the solution. 

The deposition potential is chosen to give the best stripping response. In 

order to preconcentrate the analyte by a factor of 1000, the electrode potential 

must be held below the E°' of the redox system. The theoretical value, in volts, is 

given by the following equation: 

E"' - E = ^^loglO3  

It is usually best to choose this potential by experiment. Hydrogen evolution 

should be avoided because it can interfere with metal deposition. 

Cell choice and pre-treatment is an important consideration. A glass cell 

can adsorb metals from the sample and leach impurities into the sample. Wang 

(1985) recommends soaking a glass cell in 6 M nitric acid for at least 1 hour and 

then rinsing with distilled water before use. Because of problems with glass, cells 

made of polymeric materials are preferred. These cells should be washed with 

acid and distilled water before use. 

Scanning parameters can be chosen to give the best possible signal. A 

linear scan is the simplest scan and may work well in many cases, but it can suffer 

from non-faradaic current components such as charging current if the scan rate is 

too fast or if the electrode area is too large. While the stripping signal increases 
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as the scan rate is increased, the charging current also increases and at a faster 

rate. Therefore a scan rate must be chosen to give the best stripping signal with 

the smallest distortion due to charging current. 

One way of combating excessive charging currents is to use a differential 

pulse scan. In this type of scan, potential pulses are superimposed on a potential 

scan. The current is sampled just before a pulse and just before the end of the 

pulse. The currents are then subtracted by the instrument and plotted vs. 

potential. The charging currents at the time of each sample have mostly decayed, 

so the difference between the two sampled currents represent mostly faradaic 

current. Scan rates for this method are typically low (2-10 mV/second) so there is 

only a small change in the potential during a pulse. 

B. Application to arsenic 

(i) Mercury electrodes 

Because the oxidation of mercury interferes with the oxidation of As°, 

anodic stripping voltammetry on a mercury drop or film is not useful. But, arsenic 

has been detected by anodic stripping voltammetry on other metal electrodes. 

Solid electrodes and metal film electrodes have both been employed to measure 

arsenic by anodic stripping voltammetry. 

(ii) Film electrodes 

Davis, et al (1978) determined As(III) and As(V) by anodic stripping 

voltammetry. A staircase potential scan was employed in the stripping step. The 
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working electrode was a gold film electrode. It was made by reducing gold at -0.15 

V vs. Ag/AgCl onto a glassy carbon disk electrode. 

Arsenic samples were first wet-ashed with a mixture of concentrated nitric, 

perchloric, and sulfuric acids. The sample was then reduced and distilled; this was 

carried out in a single step. The digested sample was added to hydrochloric acid 

containing 1% Cu(I). Nitrogen was streamed through the solution to drive-off 

volatiles which were collected in a sample of distilled water. Any As(V) in the 

sample was reduced to As(III) by the Cu(I). The As(III) reacts with the CI" to 

form the volatile gas, AsCl3 fe) which was collected in the distilled water and 

analyzed by anodic stripping voltammetry. A collection time of 2 minutes at -0.15 

V vs. Ag/AgCl gave a linear response from 0 to 200 ppb arsenic. 

Hamilton, et al (1980) determined arsenic in the presence of antimony in 

electrolytic copper. The copper sample was dissolved in nitric acid, ammonia 

solution was added to the sample and the sample passed through a Chelex-100 

column. This column retains copper and does not retain arsenic and antimony. 

The arsenic and antimony are present as As(V), As(III), Sb(V), and Sb(III). All 

species must be reduced to the ( + III) state by the addition of sulfite, before they 

can be determined electrochemically. 

The sample is then analyzed by anodic stripping voltammetry at a 

collection potential of -0.30 V vs. SCE. Because the EI/2 values for As°/As(III) 

and Sb°/Sb(III) are very close, one stripping signal is seen. This represents the 
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oxidation of both As° and Sb°. The total concentration of As(III) and Sb(III) is 

determined by the standard addition of As(III). The sample is then analyzed by 

collection at -0.05 V vs. SCE. At this potential, only Sb(III) will be reduced. The 

resulting stripping peak represents the concentration of Sb(III) in the sample. The 

As(III) concentration is determined from the difference between the total (As(III) 

+ Sb(III)) signal and the Sb(III) signal. The limit of detection of this method is 

1.12 ppb As(III). 

Lee and Meranger (1981) repeated the work of Davis, et al (1978), by 

using a charge transfer analyzer with eight channels that individually process the 

electrochemical parameters. The arsenic samples were reduced to As(III) and 

converted to AsCl3 te). The AsCl3 fe) was collected and analyzed by anodic stripping 

voltammetry on a gold film electrode. For a collection time of 4 minutes at -0.15 

V vs. Ag/AgCl, and a linear stripping scan of 100 mV/Second, this method gave a 

linear response from 5 to 150 ppb As(III). 

Jaya, et al (1987) determined As(III) on a copper film electrode. Cu(II) 

was added to the sample being after it was acidified to 1 to 3 M HC104 and 

collected at -0.6 V vs. a normal calomel electrode (NCE), for 2 minutes. During 

the deposition step, the glassy carbon electrode was plated with copper and 

arsenic. The potential was then scanned at 140 mV/second to +0.7 V vs. NCE. 

Two stripping signals were found. The signal at +0.18 V vs. NCE was due to the 

oxidation of Cu° and the signal at +0.36 V vs. NCE was due to the oxidation of 
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As° and its peak height is linear from 7.5 to 750 ppb As(III). Without the addition 

of about 5 x 10"4 M Cu(II), no As°/As(III) signal is seen. 

(iii) Solid electrodes 

Forsberg, et al (1975) determined As(III) and As(V) using gold and 

platinum electrodes. The electrodes were made by fusing gold and platinum wires 

into glass tubes. The platinum wires were 0.64 mm in diameter and the gold wires 

were 0.25 mm in diameter. The wires were allowed to protrude from the end of 

the glass tubing about a centimeter, that resulted in the electrodes having very 

high surface areas. Supporting electrolytes of either 1 M HC104 or 1 M HC1 were 

found to give the best stripping results. The gold electrodes were found to be 

more sensitive than platinum electrodes. This was probably due to the higher 

hydrogen overpotential at gold electrodes. During the collection step, platinum 

electrodes reduce hydrogen ions and the hydrogen gas formed interferes with 

arsenic reduction. Gold electrodes did not reduce hydrogen ions and there was no 

interference with the arsenic reduction. 

As(V) was reduced to As(III) before analysis by heating the As(V) solution 

to 80 - 100° C for 20 to 30 minutes in acid solutions containing Na2S03. S02(g) is 

produced and reduces the As(V) to As(III). The heat drives off the excess S02 (g, 

and no interference by the reductant is encountered. 

A detection limit of 0.02 ppb was obtained using a gold electrode. For 

differential pulse anodic stripping voltammetry, a collection time of 10 minutes 
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was required. For linear scan anodic stripping voltammetry, a collection time of 20 

minutes was required in order to detect 0.02 ppb of As(III). The platinum 

electrode gave a detection limit of 0.14 ppb with linear scan anodic stripping 

voltammetry and a collection time of 30 minutes. Using differential pulse anodic 

stripping voltammetry, a detection limit of 0.05 ppb was obtained with a collection 

time of 10 minutes. 

Bodewig et al (1982) determined As(III) and As(V) by differential pulse 

anodic stripping voltammetry on a rotating gold disk electrode. The gold disk had 

a diameter of 6 mm and was mounted in a teflon cylinder and rotated at a speed 

of 3000 rpm; the collection potential was -0.3 V vs. NCE. 

As(V) was first reduced to As(III) by heating the solution to 80° C and 

bubbling S02 te) through the solution. SOa <g) was allowed to reduce the As(V) for 

five minutes. The solution was then heated and N2 fe) bubbled through it to 

remove the excess S02 fe). 

Bodewig et al (1982) analyzed samples with low ppm arsenic levels. It was 

found that As(III) levels above 25 ppm no longer gave a linear response to 

standard addition. This is due to monolayer coverage of As° on the electrode. As° 

is nonconductive and the reduction of As° ceases. The limit of detection for a 4 

minute collection was found to be 200 ppb. 

Wang and Greene (1983) analyzed As(III) with a flow through system. A 2 

mm gold disk electrode was used. The working electrode was first conditioned by 
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holding the electrode at 0.7 V vs. Ag/AgCl for two minutes. The As(III) was then 

reduced at -0.5 V vs. Ag/AgCl while the solution flowed through the cell. The 

solution flow was then stopped and the potential scanned to 0.7 V vs. Ag/AgCl. 

The solution flow was then continued for 45 seconds while the electrode was 

cleared of As°. During the stripping step, not all of the As° was oxidized. Some 

remained on the electrode and must be removed by holding the electrode at 0.7 V 

vs. Ag/AgCl at the end of the run. 

With this method, a detection limit of 0.03 ppb was expected using 

deposition times of 8 minutes and a differential pulse stripping step. Again, at 

high As(III) levels, deposition times must be reduced in order to avoid saturating 

the electrode. 
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VI. EXPERIMENTAL METHODS 

A. Electrodes 

Several different working electrodes were experimented with. A copper 

film electrode was prepared by plating copper from a 1 x KT* M Cu2+ solution 

for 2 minutes at -0.57 V vs. SCE. The copper was plated onto a 4 mm diameter 

glassy carbon disk electrode during the arsenic collection step. 

A gold film electrode was made by plating gold from a 50 ppm Au3+ 

solution for 50 minutes at -0.19 V vs. SCE. The gold was plated onto a 4 mm 

diameter glassy carbon disk electrode. This electrode could be used for several 

days before the gold had to be replated. 

A silver disk electrode was prepared by sealing a 1 mm diameter silver 

wire into a glass tube with epoxy. The working end of the electrode was ground 

flat with sandpaper to yield an exposed silver disk. The electrode was then 

polished with 6 micron and then 1 micron diamond polish. 

A platinum disk electrode was prepared by melting a 0.5 mm diameter 

platinum wire into a glass tube. A connection between the platinum wire and a 

copper lead was made with mercury. The working end was ground flat with 

sandpaper and polished with 6 and 1 micron diamond polish. 

The gold disk electrode used was a commercial model (Bio Analytical 

Systems, model AUE, 2 mm diameter). This electrode turned out to be the most 

successful working electrode. 
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Both a saturated calomel electrode (SCE) and a silver - silver chloride 

electrode (Ag/AgCl) were used as reference electrodes. The SCE was a 

commercial model (Corning). 

The Ag/AgCl electrode was prepared by anodically depositing chloride 

onto a silver wire by holding a silver wire at +0.11 V vs. Ag/AgCl in a solution of 

0.4 M KC1 for 20 minutes. The chloride coated wire was then sealed in a glass 

tube containing saturated KC1 and sealed at the end with a vycor plug. 

The counter electrode used throughout the experiments was a platinum 

wire. 

B. Solution parameters 

For the stripping analyses, doubly distilled HC104 was used as the 

supporting electrolyte. The concentration ranged from 0.1 to 1 M. In the cyclic 

voltammetry experiments. A solution of pH=7.4 was prepared from a 0.4 M 

KH2P04 solution; pH was adjusted by addition of 50% NaOH. 

C. Reduction of As(V), MMA, and DMA 

Three treatments were used to reduce or attempt to reduce the above 

arsenic compounds. In the first treatment, MMA and DMA were each heated to 

80° C in a 0.2 M solution of NaHS03 for 30 minutes. In another treatment, MMA 

and DMA were each heated to about 80° C into which S02 fe) was bubbled for 30 

minutes. Each of these solutions were analyzed for As(III) by anodic stripping 

voltammetry. The gold disk electrode was held at -0.3 V vs. Ag/AgCl. The 
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collection time was 2 minutes. The final potential was +0.7 V vs. Ag/AgCl. 

Finally, As(V), MMA, and DMA were each added to a solution of reduced 

glutathione (GSH), phosphate, and NaCl. The final concentrations were 1 x 103 

M arsenic compound, 1 x 10"2 M GSH, 5 x 10"3 M phosphate, and 1 x 10"5 M NaCl. 

The pH of the solution was adjusted to 7.4. These solutions were incubated at 37° 

C for 18 hours. The solutions were also analyzed by anodic stripping voltammetry. 

The initial potential of the electrode was -1.00 V vs. Ag/AgCl. The collection 

time was 2 minutes and the final potential was +0.5 V vs. Ag/AgCl. 

D. Cyclic voltammetry of As - GSH compounds. 

Solutions of As(V), As(III), As(V) - GSH, and As(III) - GSH were 

prepared. The solutions were buffered in 0.4 M phosphate adjusted to pH=7.4 

with 50% NaOH. Cyclic voltammetry was performed with a gold disk electrode at 

scan rate of 100 mV/second from -1.00 V to +0.5 V and back to -1.00 V vs. 

Ag/AgCl. 
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VII. RESULTS 

A. Electrode selection 

Because the reduction potential of Cu2+ is close to the reduction potential 

of As(III), the stripping peak of copper interferes with the stripping peak of 

arsenic. Therefore, the copper film electrode was not used. 

The gold film electrode gave a good response for arsenic, but replating the 

gold film and storage of the electrode was bothersome. The silver disk electrode 

did not have a large enough working range. The silver began to oxidize before any 

arsenic signal could be seen. 

The platinum disk electrode was not sensitive to arsenic. This was probably 

due to the low hydrogen overpotential of platinum. H2 fe) adsorbed on the 

electrode hinders the collection of As° on the electrode. 

The gold disk electrode proved to be very sensitive to arsenic (see Figure 

3.1). Because of its sensitivity, the gold disk electrode was used throughout for 

anodic stripping voltammetry and cyclic voltammetry experiments. 

B. Reduction of arsenic compounds 

Attempts to reduce MMA by NaHS03, S02 or GSH were all 

unsuccessful (see Figures 3.2 - 3.4). The MMA solutions that had undergone the 

reduction treatment were analyzed by anodic stripping voltammetry. If no 

stripping signal was seen, it was assumed that the chemical reaction was 

unsuccessful in reducing the MMA to As(III). 
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Because the stripping signals in Figures 3.2 - 3.4 show very little evidence 

for As(III), NaHS03, S02 fe), and GSH were considered to be unsuccessful in 

reducing MMA. Anodic stripping voltammetry was therefore used to test whether 

or not a reducing agent was successful in reducing an arsenic species. As can be 

seen in Figures 3.5 - 3.7, the attempts to reduce DMA were also considered to be 

unsuccessful. 

GSH was successful in reducing As(V) to As(III) (see Figure 3.13). 

Because the resulting arsenic - glutathione complex was more difficult to reduce 

than just As(III), a cyclic voltammetry experiment was performed to determine 

the reduction potential of the arsenic - glutathione complex (see Figure 3.8). The 

reduction peak of the complex was found to be -0.89 V vs. Ag/AgCl. 

C. Cyclic voltammetry of the As - GSH complex 

Figure 3.9 is a cyclic voltammogram of the 0.4 M phosphate buffer at 

pH=7.4. The only signal is the start of a large reduction signal for hydrogen ion 

at the extreme right of the window. Figure 3.10 is a cyclic voltammogram of .002 

M As(III) in 10 ml of this phosphate buffer. The oxidation peak at -0.92 V vs. 

Ag/AgCl is due to the oxidation of the As° plated onto the electrode surface. The 

reduction peak at -0.52 V vs. Ag/AgCl is due to the reduction of the As(III) in 

solution to As0. When 0.02 g of GSH is added to the solution, a peak at -0.82 V 

vs. Ag/AgCl appears. The As(III) reduction peak at -0.52 V vs. Ag/AgCl remains 

at -0.52 V vs. Ag/AgCl but the peak height has decreased slightly, (see Figure 



30 

3.10). 

A cyclic voltammogram of 0.02 g of GSH in 10 ml of 0.4 M phosphate 

buffer at pH = 7.4 was recorded (see Figure 3.12). The only signal of note is the 

reduction of hydrogen ion at the far right of the window. No signal appears at -0.8 

V vs. Ag/AgCl. This is good evidence that the signal at -0.82 V vs. Ag/AgCl in 

Figure 3.10 is due to an arsenic - glutathione complex and not an impurity 

introduced by the GSH. 
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FIGURE 3.1 

As(III) stripping response 
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FIGURE 3.2 

MMA - NaHS04 stripping response 
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FIGURE 3.3 

MMA - S02 (g) strippinj response 
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FIGURE 3.4 

MMA - GSH stripping response 
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FIGURE 3.5 

DMA - NaHS04 stripping response 
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FIGURE 3.6 

DMA - SOz (g) stripping response 
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FIGURE 3.7 

DMA - GSH stripping response 
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FIGURE 3.8 

As(V) - GSH cyclic voltammogram 
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FIGURE 3.9 

Phosphate buffer cyclic voltammogram 
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FIGURE 3.10 

As(III) cyclic voltammogram 
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FIGURE 3.11 

As(III) - GSH complex cyclic voltammogram 
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FIGURE 3.12 

GSH cyclic voltammogram 
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FIGURE 3.13 

As(V) - GSH stripping response 
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VIII. DISCUSSION 

A. Reduction of arsenic compounds 

It was found that MMA and DMA do not reduce as easily as As(V). This 

could be due to two factors. First, the reduction potential of the methylated 

compounds may be lower than the reduction potential for As(V). This would 

require that more powerful reducing agents be used to reduce the compounds. 

When the reducing agents are too strong, however, the methylated species are 

reduced from the (+ V) state all the way down to the (-III) state. A reducing 

agent that will stop the reduction somewhere in between these states was not 

found. 

A second reason why the methylated species are not reduced could be due 

to slow kinetics. To overcome this obstacle, more time could be given to allow the 

reaction to proceed to completion; or, the reaction could be heated more 

vigorously to help accelerate the reaction. 

The kinetics of reduction of the methylated species are probably slower 

than that of the As(V) compound. The methylated species are much bulkier and 

this probably leads to slower electron transfer. The bulkiness of the methylated 

species could also introduce steric hindrances to the electron transfer and lead to 

slower reaction kinetics. 

B. Cyclic voltammetry of the As - GSH complex 

When GSH was added to the As(III) solution and analyzed by cyclic 
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voltammetry, a peak at -0.82 V vs. Ag/AgCl appeared (compare Figures 3.10 and 

3.11). Because this peak appeared after the addition of GSH, it must result from 

the reduction of an arsenic - glutathione complex. The peak at -0.5 V vs. Ag/AgCl 

is due to the reduction of the As(III) in solution to As°. The peak at -0.82 V vs. 

Ag/AgCl is much larger and sharper. If the arsenic - glutathione complex is 

adsorbed onto the electrode surface, it would account for the increase in peak 

height and the sharpness of the peak. 

The peak due to the arsenic - glutathione complex reduction occurs at a 

potential 0.3 V lower than the peak due to As(III) reduction and is evidence that 

the complex is more difficult to reduce than the free arsenic. This shift in 

reduction potential is an indication of the large formation constant of the arsenic -

glutathione complex. In this study, we did not attempt to determine the formation 

constant. 

While the attempts to chemically reduce MMA and DMA to As(III) and 

analyze by anodic stripping voltammetry was not successful, a useful and simple 

method for determining the presence and formation of arsenic complexes was 

found. 

C. Future studies 

Because the stripping analysis of arsenic is only responsive to As(III), it is 

an ideal method for following the kinetics of As(V) reduction by GSH. With 

anodic stripping voltammetry, the As(III) concentration can be determined at 
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different time points and kinetic information about this reaction can be extracted 

by determining As(III) concentration versus time. Because As(V) is 

electroinactive, any unreacted As(V) does not affect the As(III) determination. 

This method of As(III) analysis would also be useful in determining the 

concentration of As(III) in biological fluids (e.g. red blood cells) into which 

electroinactive forms of arsenic have been added. Again, kinetic information on 

the reduction of the electroinactive forms of arsenic in these biological systems 

could be obtained. 
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