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ABSTRACT 

VOLTAMMETRIC STRIPPING OF TRACE ARSENIC IN FLOW CELLS WITH 
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Arsenic contamination in drinking water has been a significant problem in many 

developing countries for years. Detecting arsenic at trace levels has seen myriad different 

procedures and methodologies; one of the problems not addressed in-depth is the 

development of a robust field system to detect trace inorganic arsenic.  

The focus of this research is to use anodic stripping voltammetry as the 

electrochemical technique. It addresses the optimization of flow cell fabrication (2-

electrode vs. 3-electrode), mineral acid types, acid concentration, deposition time, and 

electrode conditioning procedures, as well as electrochemical methodology. It was found 

that the best acid was 1 – 2 M HCl, though 0.1 M HCl was employed in some 

experiments. The best cell was a 2-electrode flow cell due to ease of fabrication and 

actual decreased construction time, 100s provided the best linear fit of peak current (nA) 
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vs. concentration (µg/L). The calibration linearity at 100 s deposition time shows the best 

results without any data exclusion. 

The preconditioning procedure employed was cyclic voltammetric (CV) from 0.0 

to 1.5 V at a scan rate of 100 mV/sec in 0.5 M H2SO4. Total number of CVs conducted 

for preconditioning and cleaning was in excess of 300. Oxidation and reduction peak 

potentials were examined closely. In the analysis of 207 CV runs, the average oxidation 

and reduction peak potentials were 1.284 ± 0.013 V and 0.849 ± 0.005 V respectively. 

These values are within 10 – 15% of those potentials cited in the literature. The 

calculated surface areas were 0.0607 ± 0.0054 cm
2
 and 0.0095 ± 0.0030 cm

2
 for 

oxidation and reduction respectively. The average oxidation surface area was larger than 

the reduction and might be explained by differing oxidation states of clusters of Au atoms 

on the surface not being reduced or not in close enough proximity to the surface for 

reduction. 

A calibration curve employing TraceDetect Nano Band system yielded good 

results. The x-axis intercept was 3.17 ± 34.2 µg/L As(III), which was essentially zero. 

However, this potentiostat with accompanying electrodes and software did not function 

as well as expected when taken to and used in the field in Bangladesh. A solid gold wire 

electrode, which requires no separate gold deposition, is much more acceptable when in 

the field. 

Real samples used were from Siskiyon Mountain, Oregon, USA, Treated Water 

(TW) from a municipality in Turkey, the Natron Valley in Egypt and a drinking fountain 

water sample from George Mason University (GMU), VA. The Siskiyon sample 
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concentrations were 291 ± 28.0 and 188 ± 34.2 µg/L As(III). The 188 ± 34.2 µg/L could 

be attributed to the fact that the analysis was performed the day after the initial result and 

some of the As(III) could have oxidized back to As(V). ICP analysis of this sample was 

256 ± 5.1 µg/L. The higher ASV value can be explained by the interferences from other 

electroactive metals in the real sample. Except Be, Al, Tl, all the other metals present 

could be potential interfering ions. The interference could be significant if the redox 

potential of As(III) is similar to that of the metals (within 200 mV). 

The Turkish sample ASV As(III) concentration was 1100 ± 100 µg/L, ICP 

concentration was 286 ± 5.6 µg/L. The concentrations of other interfering electroactive 

metals including Se, Bi, Sb and Tl totaled 1503 ± 30.0 µg/L. These metals probably 

masked the As pure signal. 

The Natron Valley, EG ASV concentration of As was 215 ± 21 µg/L, ICP conc. 

70 µg/L. Again, interfering electroactive species probably contributed to the increased 

concentration. The total contribution from As, Pb, Sb, Se and Tl was 251 ± 5.0 µg/L.  

The GMU drinking fountain sample showed no evidence of As(III) above 50 

µg/L.  

These high values of calculated As(III) concentrations are probably the result of 

contributing electroactive metals identified in the ICP analysis. Cu(II) was present in 

multiple analyses but did not interfere with the stripping of As(III). Other electroactive 

metals with a stripping potential near that of As(III) (within 200 mV), i.e. Bi(II), Pb(III), 

Sb(II) and Se(II) probably masked the As(III) stripping signal. 
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This research technique/methodology has a sensitivity that is low (approx. 10 ± 

1.5 µg/L in laboratory prepared samples) when compared to other analytical procedures 

but, when comparing robustness, ease of application and possible deployment, this 

technique has advantages not realized in more traditional techniques. Reproducibility is 

questionable in real samples as reported in this research and requires further research. 

Typical LODs for trace detection of As(III) can be about 25 – 100 ng/L, flow cells 

constructed with 50 or 100 µm Au wire will not have this LOD without further research. 

Reproducibility is of the utmost importance in trace detection of As(III)/As(V) and 

should be of continued consideration. 
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1. INTRODUCTION 

Arsenic contamination ( > 10 µg/L ) in the environment is a significant problem 

and has led to an epidemic in Bangladesh where groundwater taken from tube wells 

sustains a large portion of the population. The British Broadcasting Corporation (BBC) 

reported in June 2010 that 77 million people in Bangladesh have been exposed to toxic 

levels of arsenic in the drinking water for years. Figure 1 delineates the arsenic 

contamination in the United States in a form that may least bias the collected data. 

Collected data can be in the form of point plots, which may mask the true data, or by 

plotting differing levels on top of one another depending on the scale of the geospatial 

product used. Area data can also be averaged together, which can statistically skew the 

dataset. Counties in the western US are generally much larger than those in the east are. 

An average of five samples in an eastern county of hundreds of square kilometers would 

not be representative of a western county whose size is thousands of square kilometers. 

One way to mitigate the varying sizes of differing regions is to impose a grid system. 

Figure 1 uses a methodology that employs a standard hexagon size of 100 sq. km; the 

average size of a county in the United States. The map is an equal-area map with arsenic 

concentrations found in at least 25% of ground-water samples within a moving 50km 

radius. The corresponding point map contained 31,000 data points. Arsenic 

concentrations were computed for hexagons with a minimum density of five wells per 
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hexagon. The data in Fig. 1 has been smoothed across the hexagonal boundaries based on 

neighboring values. This methodology makes the data more comparable between regions, 

and the smoothing prevents artificial highs and lows in concentration that might appear 

because of data averaging. Arsenic contamination is not only a problem in third world 

foreign countries but exists in many countries on the planet.  

 

 

Figure 1. Distribution of arsenic in drinking water across the United States in a scale of μg/L
1

 

1.1 Arsenic in nature 

Arsenic is prevalent throughout nature. As cited in the literature, arsenic is the 

20
th

 most abundant mineral in the earth’s crust and 12
th

 most abundant mineral in the 
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human body
2
. An example of arsenic poisoning is shown in Figure 2. Measurement is a 

crucial step to formulate a solution to the lack of potable water for human consumption. 

Electrochemistry has a unique place in the different methodologies employed for 

measuring arsenic.  

 

 

Figure 2. Arsenicosis patient with hyperkeratosis on the palm due to drinking groundwater containing high 

concentration of inorganic arsenic, primarily As(III)
3
. 
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Figure 3. Analytical methods for arsenic determination and their relative merits
3
. The electroanalytical 

techniques shown as a detector for liquid chromatographic technique and as a standalone technique for 

trace inorganic arsenic in environmental samples. 
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1.1.1 Measurement of trace arsenic in the environment 

Figure 3 is a composite of analytical methods available for arsenic detection, 

which delineates and compares the different methods available for trace arsenic analysis 

and lists some if the advantages and disadvantages to each analysis stream. Spectroscopic 

and chromatographic methods are very sensitive and provide very low detection limits. 

Spectroscopic methods can include difficult sample preparation procedures and can be 

very expensive. 

Stripping voltammetry is the electrochemical technique of choice for trace arsenic 

detection as evidenced in the literature
8
 and is unique when considering the many phases 

of analytical experimentation. Sample preparation can be relatively straight forward, the 

methodology is highly sensitive, and the low detection limits are comparable to those of 

atomic absorption (AA), and inductively coupled plasma (ICP) spectroscopic techniques. 

Additionally, field portability, other species analysis versatility and low cost compared to 

spectrophotometric techniques favor electrochemistry as the analytical technique of 

choice. Unlike most techniques, electrochemistry does not require arsine (AsH3 (g)) 

generation. For some field kits where AsH3(g) generation is necessary, the inhalation of 

very toxic AsH3(g) has to be managed
4
. With stripping voltammetry, there is a clear 

advantage for field application and method development considering most hydride 

generation techniques measure total arsenic unless a chromatographic separation is 

implemented. As(III) can be measured selectively by electrochemical technique without 

separation and the total arsenic can be measured after chemical or electrochemical 
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reduction of As(V) to As(III). These electrochemical techniques attributes are compared 

with those of other techniques in Figure 3.  

The stripping voltammetric (SV) techniques for trace metal analysis have been 

known to chemists for more than 50 years. The basic process involves electrochemical 

deposition of trace metals on a suitable electrode for few minutes and then the oxidation 

of the metal back into solution by a reverse potential scan (linear or pulses). The 

oxidation current (stripping current) is recorded as a function of scan potential. The 

resulting peak-shaped voltammogram is the analytical signal. A typical ASV potential 

profile is depicted in the literature review section and the basic process and reactions are 

described. 
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2. LITERATURE REVIEW 

Arsenic voltammetry has a long history. A typical anodic stripping voltammetry 

(ASV) potential profile and response are shown in Figure 4 and the basic process and 

reactions are described in Table 1. Better experiment control is now possible with 

computer controlled electrochemical systems and the introduction of new pulse 

voltammetric techniques such as differential pulse voltammetry (DPV) and square wave 

voltammetry (SWV). This is a signal-to-noise enhancement through reduction in 

capacitance background to provide much better detection limits comparable to that of 

very expensive spectroscopic techniques
5
. 

 

 

Figure 4. Typical potential profiles for ASV. 
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2.1 ASV Profile 

Fig 4.(a) describes a potential profile for ASV determination of As(III) with a Au 

electrode. Current is recorded after the deposition under enhanced mass transfer and the 

current–voltage signal is recorded after the post-deposition quiet period is over. Metal 

electrodes are also subjected to an electrode regeneration potential for better 

reproducibility. Figure 4.(b)shows a typical background subtracted Squarewave ASV 

(SWASV) of 17 μg/L As(III) in 6.0M HCl on Au microwire electrode (25μm in dia., 

0.5cm long).  

2.1.1 Electrode Usage 

In considering the experimental details, most batch measurements are done in a 

three electrode system comprised of a working electrode (e.g., Au or Hg) on which the 

arsenic is deposited as As(0) or some intermetallic amalgam, a reference electrode (e.g., 

Ag/AgCl(s) in saturated KCl - known as SSC) and a counter or auxiliary electrode (e.g., 

Pt wire). A two electrode system is comprised of a working and a reference electrode. 

This second methodology may be employed when the current demand is low (e.g., micro 

and ultramicroelectrodes) and 0.1 M or weaker supporting electrolyte is used. The 

literature reviewed here can be classified according to the type of working electrode used. 

Fundamentally, electrochemistry is based on surface processes and the primary source of 

reproducible results is due to the change in working electrode surface. This is also the 

main problem in implementing voltammetric techniques for routine measurements and an 

impediment towards developing commercial instruments. In particular, the low 

overpotential, (i.e., potentials more negative than 0.2V vs. SSC), for hydrogen evolution 
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on a Au and Pt electrode, where As(III) deposition takes place, imposes a restriction of 

using highly acidic media. Attempts were made to use ultra-micro and nano-array 

electrodes to obtain high mass transfer rate and high effective surface area for faster 

analysis and to reduce the effects of hydrogen gas bubbles on the electrode surface. 

Similarly, a high efficiency rotating disc side mounted electrode and vibrating electrodes 

of normal dimension were used to increase the mass transfer and to shake-off hydrogen 

bubbles from the electrodes. It is also understood that ASV in a flow cell could increase 

the sample throughput, decrease the contamination carryover, and may sweep the 

hydrogen bubbles away. Flow cells were also used in the oxidation mode where As(III) is 

oxidized to As(V) on a Pt electrode at 1.2V vs. SSC including where AsH3 gas was 

collected in a H2SO4 mobile phase through a porous polytetrafluoroethylene (PTFE) 

membrane and detected amperometrically by oxidation current
6
. Although membrane 

separations of arsine and other gases are used in commercial systems, the same is yet to 

be realized in electroanalytical systems. 

 

Table 1. Stripping voltammetric techniques, principal reactions, electrodes, and solution media. 

Techniques Reactions Electrodes Media 
 
Anodic Stripping Voltammetry 
(ASV):  Linear scan (LSASV), 
Differential Pulse (DPASV), 
Square-Wave (SWASV), 
Constant Current 
Chronopotentiometric 
Stripping (CCCP),  
 

 
Two step process:  
Deposition: (Constant potential or current) 
H3AsO3  + 3 H

+
 + 3e

-
  As + 3H2O 

Stripping: (Potential ramp or constant current) 
As + 3H2O   H3AsO3  + 3H

+
 + 3e

-
 

 

 
Pure Au, Pt, and 
Ag or metal films, 
nano particles on 
carbon substrate 

 
Mineral 
acids (HCl is 
most used). 
0.1 M HNO3 
with Ag 
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Cathodic Stripping 
Voltammetry (CSV): Linear 
scan (LSCSV), Differential 
Pulse (DPCSV), Square-Wave 
(SWCSV) 
 
 

 
Two step process:  
Deposition: (Constant potential)  
2As

3+
 + 3 Cu(Hg) + 6e

-
   Cu3As2 + 3Hg 

As
3+

 + 3 CuCl3
2-
 + 6e

-
   Cu3As + 9 Cl

-
  

Stripping: (Potential ramp or pulsed ramp) 
Cu3As2 + 5H

+
 + 3Hg + 5e

-
  Cu(Hg) + AsH3 + H2 

Cu3As + 3H
+
 + Hg + 3e

-
  Cu(Hg) + AsH3 

(reactions are shown for Cu(I) and Cu(II) ions) 
 
Similar reactions can be written for Se(IV) 
Deposition: (Constant potential)  
4As

3+
 + 4Se(Hg) + 12e

-
   As4Se3+ 4Hg 

Stripping: (Potential ramp or pulsed ramp ) 
Se3As4 + 12H

+
 + 3Hg + 12e

-
  3Se(Hg) + 4AsH3  

 

 

Direct oxidation of As
3+

 species 
H3AsO3 + H2O  H2AsO4

-
 + 3H

+
 + 2e

-
 

 

 
Hg (as hanging 
drop mercury 
electrode, 
HDME) 
 
 
 
 
 
 
 
 
 
 
 
 
Oxidized Pt or Au 

 
HCl in 
presence of 
Cu

2+
 or 

Se(IV)  
 
 
 
 
 
 
 
 
 
 
 
 
HCl or 
phosphate 
buffered 
saline 
 

 

2.1.2 Electrode Sensitivity 

Electrode conditioning before and after the ASV analysis of As(III) is often 

necessary for reproducible responses. In both short-term (within runs) and long-term 

(day-to-day runs), reproducibility can be inconsistent. Unexpected disappearance of 

stripping signal and loss of sensitivity are some of the outstanding problems of 

voltammetry with solid electrodes. The problem is generally addressed by repolishing 

and cleaning the electrode in batch experiments. This is another impediment toward high 

throughput analysis. As our understanding of electrode surface oxide and its 

electrochemical behavior has increased, many workers have experimented with voltage 

pulse cleaning of the oxide surface. For example, it was suggested that Au and Pt 

electrodes should not be scanned beyond +0.7V vs. SSC to prevent surface oxidation 

which slows down electron transfer kinetics
6
. Leaving the electrode in 6M HNO3 prior to 

analysis was found to be an effective pretreatment procedure. This is, however, not a 

procedure employed by others and there is no clear basis of electrode pretreatment and 
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cleaning for arsenic measurement with solid electrodes. However, recent research has 

employed specific preconditioning and preparatory procedures for solid Au electrodes. 

Specifically, Giacomino et al.
21

 have employed a pretreatment methodology using CV in 

0.5 M H2SO4 scanning from 0.0 to 1.5 V at 100 mVs
-1

 and applying ten cycles. 

Additional cleaning procedures are cited later in this research. It should be noted that 

CSV with mercury (Hg) electrode may not suffer from the run-to-run reproducibility 

problems because each analysis is performed with a new Hg-drop. 

One of the greatest advantages of arsenic analysis by ASV is its selectivity for the 

speciation of As(III) and As(V) through control of deposition potential. However, due to 

low hydrogen overvoltage only As(III) is more amenable to quantitative analysis. The 

inorganic arsenic speciation requires pre-reduction of As(V) to As(III) by reducing agents 

such as KI with ascorbic acid, sodium sulfite or sodium thiosulfate. The latter are better 

choices for electrochemistry because they leave no electroactive residue after boiling. 

Most importantly, except for groundwater and drinking water, all other environmental 

samples require careful chemical pretreatment and sample preparation before analysis. A 

critical review on the analysis and speciation of arsenic was conducted by Cavicchioli et 

al.
7
 and considered voltammetric methods for the determination of arsenic and its 

speciation at trace levels in environmental, industrial, and food samples. Their work is 

summarized in very useful tables and covers the literature from 1970 through 2002. We 

will attempt to add some important research since 2002 in this review with some 

additional work of historical significance prior to 2002. Listed in Table 2 are some of the 

reviewed paper’s parameters and environmental applications. This abbreviated summary 
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is a quick look reference of the salient features of the work, categorized based on types of 

working electrode used, with special reference to the material and size (standard macro 

electrode, boron doped diamond (BDD), and nano particle modified electrodes). The 

reason for the categorization is that the basic chemistry and methodology for stripping 

voltammetric detection of arsenic did not change significantly. We find some of the 

inherent problems (reproducibility) with solid electrodes were revisited and new 

electrode materials, dimensions, and better control of experiments were tried with some 

success. There is no clear consensus on the use of solution media on broad environmental 

applications. As seen later, some solution media are completely unsuitable even for 

groundwater arsenic analysis containing high Fe(II) and other metal ions. The review 

discussion emphasizes novel approaches on electrode preparation, conditioning and 

applications. No voltammetric method was found for the direct speciation of 

organoarsenical (methyl- and dimethylarsenite along with methyl- and dimethylarsenate) 

and therefore this review is limited to two inorganic arsenic species- As(III) and As(V). 

 

Table 2. Compilation of stripping voltammetric techniques used in the literature cited. 
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8 ASV, DPASV 
HClO4, 
HCl 

As(III), 
As(V) 

Pt, Au vs. SSC 60 0.02 

Au 
0.0785, 

Pt 
0.204 

-- 

9 CV, ASV 
1.0 M 
HNO3 

As(III) 
Au RDE 1 mm 
dia vs. SCE 

dep. pot. -0.5 V; 
120 

0.18, 
120s 
0.01 60s 
w/ 
ultrasou
nd 

0.0201 
0.0347±0.0

133 

11 ASV 
1.0 M 
HCl 

As(III) 
A thin Au film 
coated GC. Vs. 

dep. pot. -0.6 V; 
>60 

1.2 0.071 -- 
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SSC 

14 ASV, SC 
0.01 M 
HCl 

As(III), 
As(V) 

Au 
microelectrode 
5/25 um vs. 
SSC//NaNO3 

dep. pot. -0.5 or 
-1.0 V; 30 

0.015, 
0.025 

0.00159 0.113 

16 DPASV 

1 M 
H2SO4, 
(0.15 M 
HCl) 

As(III) Au disk  -0.3 V; 1-300 0.15 0.0141 3300 

17 ASV 

0.01 M-
0.1 M 
H2SO4, 
HCl, 
EDTA  

As(III) 
graphite 
modified w/ Au 
and Cu vs. SSC 

deposition pot. -
0.7 to -0.8; 20-
300 

graphite 
Au mod: 
17, Cu 
mod: 47 

-- -- 

18 ASV 
EDTA, 
0.01 M 
H3PO4 

As(III), 
Cu(II) 

Au graphite 
electrode vs. SSC 

stripping pot. -
0.3 V; 10-300 

7 for As 
and Cu 

0.071, 
0.503 

-- 

19 
voltammetry 
& coulometry 

0.1 M 
H3PO4 

As(III), 
As(V) 

rotating Pt disk, 
microelectrode 
vs. SSC 

-- -- 0.02 -- 

20 DPCV 

0.1 M 
Oxalic 
Acid, 
pH 1.3 

Pb, Cu, 
As(V), 
As(III) 

Carbon paste 
electrode vs. SSC 

scan 1.1 to -1.1 -- 0.0176 -- 

21 SWV 
1.0 M 
HCl 

As(V) -
> 
As(III) 

carbonaceous 
electrode vs. SSC 

< -0.3 V; 5 
5 mg kg -

1 
-- -- 

22 DPV, PSA 
0.5 
acetate 
buffer 

As(III) 
CPE and GPE vs. 
SSC 

60 
None 
reported
. 

0.071 -- 

23 CV 
0.1 M 
KNO3 

arsenic 
oxide 

RRDE vs. SSC -- 
None 
reported
. 

0.16 0.00934 

25 
Anodic 
Stripping 
Coulometry 

2 M 
HCl 

As(III) 
Au coated 
porous vs. SSC 

dep. current -3 
mA 

150 -- -- 

26 
CV, 
FIA(ASV) 

0.1 mM 
KI 0.1 
M ABS 

As(III) SPRDE vs. SSC 0.5 V 5.24 
0.0196, 

0.071, 
0.031 

-- 

27 ASV 
0.1 M 
PBS 

As(III), 
As(V) 

Au coated BDD 
vs. SSC 

-0.4 As(III), -1.5 
As(V);10,30,60,
600 

5-
As(III), 
100-
As(V) 

0.26 -- 

28 DPASV 
1 M 
HCl 

As(III), 
As(V) 

Au coated  
diamond thin-
film vs. SSC 

-0.45 V; 120 

0.005  
As(III), 
0.08  
As(V) 

Au 0.2 
& 

0.0217 

0.0097± 
0.0025 

29 
CV, SEM, 
AFM, RM, 
XPS 

0.1 M 
PBS 

As(III) 

indium 
modified, boron 
doped diamond 
vs. SSC 

-- 
1.5 
(20nM) 
(93nM) 

0.07 1240 

30 ASV 
0.1 M 
HNO3 

As(III) 
Au nanoparticle 
coated BDD vs. 
SSC 

dep. pot. -0.6 V; 
300 

 30, 1 0.015 
 

31 
CV,LSV, 
SWASV 

0.1 M 
HCl 

As(III) AuCNT vs. SCE 120 0.1 0.07 26.49 

32 CV, SWASV 
CV -- 
1.0 M 

As(III), 
Hg(II), 

Polycrystalline 
Au vs. 

dep. pot both -
0.35 V, stripping 

0.02 0.076 3.14±0.01 
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HCl Cu(II) SSC/NaOH 
(3M) 

-0.35 - 0.70 V; 
100 

33 ASV 

1.0 M 
HCl, 
1.0 M 
HNO3 

As(III), 
Cu(II) 

Au macro, Au 
nanoparticle on 
GC and Au nano 
on BPPG vs. 
SCE 

dep. pot. -0.3 V; 
60 

-- 0.07 
.01388±.04

69 

34 LSV 
0.1 M 
H2SO4 

Cu(II), 
As(III) 

Au macro and 
Au macro 
modified w/ L-
cysteine vs. SCE 

dep. pot. -0.3 v; 
60 

0.13 ± 
0.022 
uM 
Cu(II) 

0.002 
0.00441± 

0.0000133 

35 
SEM, SWV, 
CV 

1.0 M 
HCl 

As(III) 
nano Au glassy 
carbon vs. SSC 

60 0.4 0.0314 -- 

36 CV, LSV 

1.0 M 
HCl, 
1.0 M 
HNO3, 
and 1.0 
M 
H2SO4 

As(III) 
GCE with (GC-
CNT/Au-np-GC) 
vs. SCE 

-0.3 V; 30-300 2.25 2.5 -- 

37 ASV 3.0 HCl As(III) 
nano-Au/GC vs. 
SSC 

dep. pot. -0.45 
V; 10, 30 

1.8 
.2 to 

1.5e2 
4.271 

38 
Flow system, 
SWV 

HNO3 
better 
than 
HCl & 
H2SO4 

As(III) 

Au nano 
particles on a 
dual glassy 
carbon electrode 
vs. SSC 

600 0.25 -- -- 

39 CV,CA 
 

As(III) 
Arsenite Oxidase 
on MWCNTs vs. 
SSC 

-- 1 0.071 1430±80 

40 LSV 
5 mM 
PBS 

As(III) 
DNA-
SWCNT/PDDA/
GCE vs. SCE 

open cir. 
Potential; 180 

0.05 -- 170 

41 

CV, 
hydronamic 
amperomme
-try 

aqueou
s buffer 
solutio
n 

As(III) 

Co oxide 
nanoparticles on 
a glassy carbon 
vs. SCE 

-1.1 to 1.1V; 
1800-CA 

0.84 0.0314 1485.6 

42 ASV 
0.1 M 
HNO3 

As(III) 
Au - HSRDE vs. 
SCE 

-0.5 V; 60 
None 
reported
. 

0.00441 -- 

43 SWASV 
0.1 M 
HNO3 

As(III), 
Cu(II) 

Au foil on 
sonotrode end 
vs. SCE 

120 

0.0037 
with 
sonotro
de 

0.04 & 
0.01 

0.00681 

44 CV, ASV 
1.0 M 
HNO3 

As(III) 
Au RDE 1 mm 
vs. SCE 

dep. pot. -0.5 V; 
120 

0.18, 
120s 
0.018 
60s w/ 
ultrasou
nd 

0.0201 
0.0347± 

0.0133 

45 ASDPV 
0.25 N 
HCl,  

As(III) 
Au side disk 
rotating vs. SSC 

60 
None 
reported
. 

-- -- 

47 DPCSV 
1 M 
HCl 

As(III), 
As(V) 

HMDE vs. SSC 
dep. pot. -0.35 to 
-0.70; 60 

0.5 -- -- 

48 CSV HBr As(III) HDME 40-90 
0.01, 
0.02 

-- 17.4±0.2 

49 DP-AdCSV SDDC, As(III) HMDE vs. SSC dep. pot. -0.45 -- 0.006 0.00276 
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0.01 M 
HCl 

V; 60, 180, 300 

50 DPCSV 
2 M 
HCl 

As(III) 

Controlled 
Growth Mercury 
Drop Electrode 
(CGMDE) vs. 
SSC 

dep. pot. -0.4 V: 
50 

0.004 -- 
0.00229± 

0.0000053 

51 AdCSV 
SDDC, 
0.01 M 
HCl 

As(III) HMDE vs. SSC 
dep. pot. -0.45 
V; 60, 300 

1.05, 4.2 
& 15.0 

0.006 -- 

52 DPCSV 

Extracti
on 
proced
ure, Cu 
solutio
n and 1 
mL of 
conc. 
HCL 

As(III), 
As(V) 

HMDE vs. SSC 0.45 V; 120 600 -- -- 

 

 

The following is a brief explanation of some of the terms in the Table 2: SC: 

stripping chronopotentiometry - electroanalysis based on the measurement of a working 

electrode at the rate of change in potential versus time; the current is controlled. PSA: 

potentiometric stripping analysis, FIA: flow injection analysis - is an automated method 

in which a sample is injected into a continuous flow of a carrier solution that mixes with 

other continuously flowing solutions before reaching a detector, or in this case the 

electrochemical cell. SCE: saturated calomel electrode - is a reference electrode based on 

the reaction between elemental mercury and mercury(I) chloride. The aqueous phase in 

contact with the mercury and the mercury(I) chloride (Hg2Cl2, "calomel") is a saturated 

solution of potassium chloride in water. The electrode is normally linked via a porous frit 

to the solution in which another electrode is immersed. This porous frit is a salt bridge. 

SSC: silver -silver chloride electrode – another type of reference electrode, dep pot: 
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deposition potential - potential that can produce electrolytic deposition when applied to 

an electrolytic cell. td: deposition time - A: area of the electrode. Counter electrode is Pt 

in most cases. Most of the other terms are described in the text. Some follow here for 

ease of reference. RDE: rotating disk electrode, GC: glassy carbon, CPE: carbon paste 

electrode, RRDE: rotating ring disk electrode - the RRDE takes advantage of the form of 

the laminar flow created during rotation. As the system is rotated the solution in contact 

with the electrode is driven to the side of the electrode the same as with a rotating disk 

electrode. As the solution flows to the side it crosses the ring electrode and back into the 

bulk of the solution. If the flow in the solution is laminar (fluid flowing in parallel layers 

with essentially no disruption between layers), then the solution is brought in contact with 

the disk quickly followed by the ring in a very controlled manner. The resulting currents 

are dependent on the electrode’s respective potentials, areas, and spacing as well as the 

rotation rate and given substrate. DPASV: differential pulse anodic stripping 

voltammetry - it can be considered as a derivative of linear sweep voltammetry or 

staircase voltammetry with a series of regular voltage pulses superimposed on the 

potential linear sweep or stair steps. The current is measured immediately before each 

potential change, and the current difference is plotted as a function of potential. By 

sampling the current just before the potential is changed, the effect of the charging 

current can be decreased. XPS: x-ray photon spectroscopy - is a quantitative 

spectroscopic technique that measures the elemental composition, empirical formula, 

chemical state and electronic state of the elements that exist within a material. SEM: 

scanning electron microscope - is a type of electron microscope that images a surface by 
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scanning it with a high-energy beam of electrons. AFM: atomic force microscopy - or 

scanning force microscopy (SFM) is a very high-resolution type of scanning probe 

microscopy, with demonstrated resolution on the order of fractions of a nanometer, more 

than 1000 times better than the optical diffraction limit. CNT: carbon nano-tubes - are 

allotropes of carbon with a cylindrical nanostructure. 

2.2 Review of selected papers 

2.2.1 Anodic Stripping Voltammetry (ASV) 

One of the more common electrochemical methodologies for the determination of 

arsenic in water has been and continues to be anodic stripping voltammetry (ASV). As 

reviewed in multiple references, anodic stripping voltammetry has been established as a  

leading technique in the determination of trace amounts of arsenic for multiple reasons, 

which include sensitivity and reproducibility (RSD<5%) for trace metal ion analysis in 

aqueous media. See Figure 5 for a generalized anodic stripping voltammetry diagram of 

the conditioning/cleaning, deposition, quiet time, and stripping phase with sample 

potentials. Anodic stripping voltammetry usually incorporates three electrodes but can 

also be employed with two electrodes. These include a working electrode, an auxiliary 

electrode (sometimes called the counter electrode), and a reference electrode. The 

solution containing the analyte must contain an electrolyte for charge transfer. 
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Figure 5. Principle of ASV – Anodic stripping voltammetry schematic depiction. 

 

The detection concentration limits for many metals can be as low µg/L to high ng/L range 

(S/N=3) and this compares favorably well with AAS or ICP analysis. Gupta et al
8
 report 

in the arsenic speciation study that below microgram per liter detection limits are 

required to quantify arsenic species from natural environmental systems and biological 

systems and a combination of chromatographic separation with atomic spectroscopy and 

mass spectroscopic detection is therefore, the most suitable speciation choice.  

Also, and fundamental to this research, a system can be field deployable with 

instrumentation that is inexpensive, and it is possible to analyze 12-15 metals. 
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Various working electrode types have been used in furthering this analytical 

procedure. The reviewed literature can be classified based on the working electrode 

material used as follows: bulk Au 46%, thin Au film deposited on carbon (glassy carbon, 

graphite) 20%, Hg (as hanging drop mercury electrode- HDME) 16%, Pt 12%, Cu 4%, 

and boron-doped-diamond electrode (BDD) 2%. 

Similarly, the literature can also be classified on the basis of electrolytes. The 

majority of papers
9
 used mineral acids such as HCl (42.4%), H2SO4 (11.9%), HNO3 

(11.9%), phosphate buffered saline (PBS) (5.1%), and H3PO4 (3.4% papers), and others. 

The choice of HCl as the acid media is probably due to enhanced As(0) formation by Cl− 

serving as an ionic bridge between the working electrode and As(III) species
6
. Other 

acids were tried and found to produce good signal although they may not be suitable for 

real-sample analysis. One common aspect of acid is the shift in ASV peak potential, 

which is a function of acid concentration as follows: 

 

As + 3H2O → H3AsO3 +3H
+
 +3e−        E = E

0
 + (0.0591/3)log ([H3AsO3][H

+
]
3
) 

2.2.1.1 ASV of arsenic using a flow cell 

There has been surprisingly little work in the development of flow cell with solid 

gold electrode for high throughput measurement of As. Briefly, Wang and Greene 

(referenced later) reported a flow cell system for trace arsenic detection in 1983. Eight (8) 

successive measurements of 9.4 µg/L As(III) over 60 min resulted in a RSD of 2.1%. See 

Figure 6. for their flow cell schematic diagram. The primus for each type of research 



20 

equipment is different and certainly not comparable. Section 3.4.1 shows examples of 

flow cells used in this research. Earlier flow cell research to include Majid et al. 

(referenced later) employing a similar system to that described in this work employed a 

glassy carbon electrode, which is quite different from this work. The Majid paper does 

not provide a graphic of their flow cell but report the probable best analysis conditions to 

be a deposition potential of -0.4V, a deposition time of 1 – 2 minutes (lower 

concentrations of As(III) requiring longer deposition times) and their choice of 

supporting electrolyte as HNO3. The work by Jiang et al.
10

 reported a hydride generation 

cell, mainly composed of three components (a gas liquid separator, a graphite tube 

cathode and a reticulate Pt wire anode), the system was laboratory constructed and 

employed for the detection of arsenic by coupling to atomic fluorescence spectrometry. 

Here, hydride generation is effected by electrolysis and this work is not directly relevant 

to this research. 
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Figure 6. Wang and Greene
51

 schematic diagram of their flow cell showing working (2mm Au disk, Model 

AUE, Bioanalytical Systems), reference (Ag/AgCl, Model RE-1, Bioanalytical Systems) and counter 

(carbon rod) electrodes and direction of flow. 

 

2.2.2 Macro electrodes 

Normal size or macro electrodes of a few millimeters in diameter are still the most 

popular working electrode size because they are easy to handle. These electrodes may 

include bulk metal disk (planar), metal film deposited on planar glassy carbon or graphite 

substrate. The primary problem of a solid electrode is the reproduction of original 

surface, which is the origin of signal irreproducibility and long-term reliability as 

required in routine analysis. This section examines some novel electrodes, electrode 

conditioning and applications. 
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2.2.2.1 Au electrodes 

Forsberg et al.
11

 investigated the determination of arsenic using ASV and 

differential pulse anodic stripping voltammetry (DPASV). At the time of this research 

ASV had been little used in arsenic determination at trace concentrations. This research 

elucidated some fundamental aspects for electrochemical determination of arsenic. They 

compared Au and Pt working electrodes in a variety of electrolyte concentrations. Their 

results indicated that ASV was exceedingly sensitive for the determination of arsenic and 

that gold working electrodes were more sensitive than platinum electrodes. The 

experiments included concentrations of perchloric and hydrochloric acids at 0.01, 0.1 and 

1.0 M. The calculated detection limits for ASV and DPASV were the same at 0.02 ng/L 

(or 20 parts-per-trillion) in perchloric acid. However, even ten times these limits were 

never measured by these authors. It is now customary to calculate the limit of 

quantitation (10 times the detection limit-dl) as a practical indicator for routine reliable 

analysis. It was suggested that Au and Pt electrode should not be scanned beyond +0.7V 

vs. SSC to prevent surface oxidation which could slow down the electron transfer 

kinetics. Leaving the electrode in 6 M HNO3 prior to analysis was found to be an 

effective pretreatment procedure while concentrated nitric acid could oxidize the 

electrode surface and slow down the electrode transfer kinetics. 

In their work, Simm et al.
12

 revisited some earlier experimentation
13

, which 

reported that Au was the more suitable metallic surface for conducting arsenic detection 

using ASV. In this work Simm et al. compared gold, platinum, and silver as viable 

electrode substrates for arsenic detection using ASV. Their goal was to demonstrate that 
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Ag electrodes are certainly viable as working electrodes when HNO3 is employed as the 

electrolyte instead of HCl because of the lower deposition potential possible without 

hydrogen evolution. How this arsenic deposition efficiency is affected by the presence of 

Cl
−
 was not clear. They report optimum conditions of 0.1 M HNO3 and −0.6 V as the 

deposition potential with 120 s deposition time. These conditions provide for a LOD 

6.3×10
−7

 M. When employing ultrasound, an increase in mass-transfer reduced the LOD 

to 1.4×10
−8

 M. 

Rasul et al.
14

 reported the development of an ASV method using thin gold film on 

a glassy carbon electrode for the deposition of As(III) from 6 M HCl solution. A detailed 

method and protocol was developed for routine analysis of As(III) in 960 groundwater 

samples. The samples were prepared by mixing equal volumes of 9 M HCl and 

groundwater. Although the method is slow (20–30 samples/day) due to the 

implementation of standard addition technique, it is the only electroanalytical method that 

has passed two inter-laboratory comparison studies with other techniques
15,16

. The 

authors found standard addition is the only viable calibration technique for routine 

analysis of real groundwater. This is now a standard method for speciation of As(III) and 

As(V) in some parts of Bangladesh. 

Salaun et al.
17

 used SWASV and constant current stripping chronopotentiometry 

(CCSC) for the measurement of As(III) and As(V) in seawater and fresh water. They 

found that As(III) could be determined by ASV using an Au microwire electrode at any 

pH including that typical of natural waters. Their optimum conditions included a 

deposition potential of −1.0V for As(III) and As(V) and a 30 s deposition time. The scan 
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was conducted from −0.6V to 0.6V after a 5 s quiescence time. Multiple concentrations 

of supporting electrolyte were tested; the most stable was determined to be 0.01 M HCl. 

Their LOD was 0.2 nM for As(III) and 0.3nM for As(III)/As(V) at a pH of 1. At a pH of 

8, stripping chronopotentiometry was the analytical method employed because it gave a 

lower detection than ASV. This is the only paper showing arsenic analysis at pH 8. This 

high pH may not be viable because dissolved Fe(II) in groundwater precipitates out in the 

open and coprecipitates arsenic and other trace metals. CCSC on a planar Au- electrode 

was also used by others to measure As(III) and As(V) in oilseeds
18

. The methodology 

involves an elaborate acid sample digestion, pretreatment and, finally, the reduction of 

As(V) to As(III) by Na2SO3. Arsenic recovery was 96–103%. The CCSC signals are 

often drawn-out sigmoid and it is difficult to extract the transition time as the analytical 

signal. There is no apparent advantage of using CCSC over ASV or SWASV.  

Kopanica and Novotny
19

 report the determination of As(III) on a rotating Au-disc 

electrode in aqueous solution by DPASV in 1.0M H2SO4 and 0.1M HCl as electrolytes 

with reproducible results. The rotating Au disk electrode was first preconditioned in 1M 

H2SO4 using cyclic voltammetric (CV) scan between 0.2 and 1.90V at 500 mV s
−1

 for 50 

cycles. The potential cycling presumes to clean oxides from the electrode surface. The 

electrodes were then used for several weeks before repolishing. The analysis 

encompassed a concentration range of 0.2–250 μg/L. The authors show that the addition 

of 10 mg/L
 
of nonionic surfactant Triton X-100 improves the peak shape but shifted the 

peak by 100mV due to adsorption of Triton X-100. This work also used an unusually 

high electrode cleaning potential of 2.50V for 5 s to improve signal reproducibility. 
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Normally, the oxidative dissolution of Au(s) could take place at this high potential and 

contradicts the fact that oxidized gold electrode slows down arsenic deposition. 

ASV was employed by Kamenev et al.
20

  to study the effect of modifying a 

graphite electrode with Cu and Au for the analytical determination of As(III). They report 

that arsenic is best deposited at a potential of −0.7 and −0.8V using graphite electrodes 

modified with copper and gold in 0.1 M HCl and 0.05 M complexone III (disodium salt 

of ethylenediamine tetra-acetic acid) as supporting electrolytes respectively. The 

complexing agent was used to mask the effect of Cu dissolution on arsenic stripping. The 

reported LOD for arsenic with graphite electrode modified with gold was 17 μg/L and 

with that of a Cu- modified graphite electrode was 47 μg/L. The same authors
21

 also 

report a methodology for arsenic determination in the presence of copper and arsenic 

using 0.001 – 0.01M EDTA and 0.01M H3PO4  respectively, as the electrolyte 

combination. Arsenic is determined using the standard addition method and recording the 

voltammograms with and without a postelectrolysis step, with an increase of the 

deposition potential of −0.7 or −1.0 ± 0.1V for 5–30 s. The difference in peak areas is the 

analytical signal. Copper is then determined directly using the peak current or the peak 

area. No environmental applications were reported. This paper, however, has reported a 

detailed electrochemical electrode treatment and regeneration cycle as shown in Fig. 6. It 

should be noted that low H3PO4 concentration (a weak acid) allowed the use of a low 

overpotential for As(III) deposition without significant H2 evolution. However, this 

advantage may be offset by the interference of phosphate as a precipitating agent for 

dissolved iron and aluminum at circumneutral pH for water analysis. 
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Figure 7. An example potential profile for the measurement of As(III) in a weakly acidic solution. 

 

Figure 7 graphically delineates the ASV scan steps. They vary throughout the 

literature with respect to potentials and times at those potentials. -- electrode pretreatment 

+1.7 V, 10 s; deposition −0.7 V, 10–240 s; post-deposition+0.1V for 5–30 s; quiet period 

−0.3 V, 10 s; ASV stripping scan −0.3V to 0.8V at 0.4V s
−1

; and regeneration +0.8 V, 10 

s. All potentials are referenced to saturated Ag/AgCl electrode.  

A novel flow through coulometry (FTC) was developed as a calibration free 

method for arsenic analysis by Beinrohr
22

. In this method the As(III) deposition takes 

place on a gold plated porous vitreous carbon working electrode at −1.20 V vs. SSC and 
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then the As(0) deposit is oxidized by a constant current (about 0.2 mA). The time 

required to achieve complete stripping is the analytical signal. 

Li
23

 reports in his research similar literature findings as presented above for Au 

electrodes when employing ASV, which included BDD electrodes, nano-particle 

modified electrodes and an array of glassy carbon type electrodes. Additionally, this 

research reports that the response of an Au electrode is very dependent on its past history, 

pretreatment, and oxide formation. Also reported in this research are interferences from 

metals to include copper, lead, zinc, mercury and silver. In this research are comments on 

the challenges of voltammetric methods that are seen as interferences and matrix affects 

such as those encountered in complex food samples. Research is underway to overcome 

these reported obstacles and it might be possible to develop a portable system for 

conducting ASV in the field with real water samples, a fundamental purpose behind this 

research.  

2.2.2.2 Au modified - Boron doped diamond (BDD) electrode 

BDD electrodes behave like glassy carbon electrodes with a broad 

electrochemical potential window for oxidation and reduction in acidic media, lower 

capacitance background, good mechanical strength, and high thermal conductivity. Gold 

modified BDD electrodes poised at −0.4V deposition potential in a 0.1M phosphate 

buffered saline (PBS) solution have been employed in the analysis of As(III)
24

. As(V) 

was reduced to As(0) through a two-step reduction: As(V)→As(III)→As(0) at −1.5V vs. 

SSC. The PBS at a pH 5 allowed the use of a low reduction potential without significant 

H2 evolution. As(III) was detected in tap water samples spiked with 10 μg/L As(III). 
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A limit of detection of 0.005 μg/L for As(III) was reported in the work conducted 

by Song and Swain
25

. They employed an Au-coated, boron-doped, diamond thin-film 

electrode (Au-BDDE) and detected 0.6 μg/L As(III) in river water by using DPASV. The 

authors used the codeposition of As(III) and Au(III) from solution and found a linear 

response for 100 μg/L As(III) signal when the Au(III) concentration was increased from 0 

to 750 μg/L . This indicates that As(0) concentration in the Au-film is increased as more 

Au(III) is deposited. The Au-BDDE produced a narrower peak, full width at half 

maximum (FWHM 38mV) compared to that of an Au-foil electrode (FWHM 85 mV). 

This is indicative of a move towards an electrochemically reversible process. The Au-

BDD showed better response in total arsenic determination even in the presence of 5 

mg/L humic acid. 

Ivandini et al.
26

  has used Ir-implanted BDD (Ir-BDD) electrodes poised at 0.6V 

vs. SSC in a 0.1M H3PO4 or 0.1M PBS for the amperometric detection of As(III) in a 

flow injection system. The detection was based on oxidation of As(III) to As(V) 

catalyzed by IrO2, which is also produced from implanted Ir by oxidation. The electrode 

was ultrasonicated in a 2-propanol solution to remove organic impurities from the surface 

before use. They report excellent stability for at least three months in regular usage with a 

detection limit of 1.5 μg/L. 

Rassaei et al.
27

  reported an improved ASV response using highly reactive 

mesoporous Au-BDDE in 0.1 M HNO3 and 0.1 M phosphate buffered saline (PBS). 

Employing 0.1 M HNO3 as the electrolyte and the optimum deposition potential of −0.6V 

vs. SCE they found the As(III) LOD to be 3 μg/L As(III). Since arsenic is frequently 
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accompanied with excess phosphate in natural waters As(III) measurements were also 

performed in 0.1M PBS as the electrolyte. A LOD of 1 μg/L was calculated at a 

deposition potential of −0.8V vs. SCE for 300 s deposition time. 

BDD electrodes are more expensive than GC electrodes and often custom made. 

The Ir-BDD electrode appears to be the most stable for routine use. However, PBS as the 

supporting electrolyte may not be suitable for groundwater and waste water samples high 

in metals ions (e.g., Fe(II)) that may precipitate at high pH. 

2.2.2.3 Nano-particle and carbon nano-tube modified electrodes 

Electrochemical or electroless deposition of gold nano-particles, clusters, and 

nanoarrays on a suitable conducting substrate is an established procedure to study their 

properties. The interest in electrodes prepared this way is possibly due to advances in 

visualization techniques such as atomic force microscopy imaging for nano-particles. 

Several papers described the use of gold nanoparticle modified electrodes for trace 

arsenic analysis.  

Electroless or redox reaction based deposition of gold nanoparticles (GNP) on 

carbon nano-tubes (CNT) was achieved by in-situ chemical reduction of HAuCl4 by 

NaBH4. The GNP-CNT immobilized on a glassy carbon (GC) electrode from a 

chloroform suspension was the working electrode
28

. The advantage of the Au-CNT 

electrode is the large surface area compared to gold deposited on a normal size GC 

electrode. The modified GC electrode showed a LOD of 0.1 μg/L As(III) in 0.1 M HCl 

using SWASV as the analytical technique.  
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Gold nano electrode ensembles and gold nano seeds (GNEEs and GNSs) were 

made by colloidal chemical approach on a thiol-functionalized sol–gel derived silicated 

matrix on a gold electrode for the determination of As(III), Cu(II) and Hg(II)
29

. Selective 

measurement of As(III) in the presence of Cu(II) was demonstrated. The authors used the 

SWASV and found the optimum deposition potential of −0.35V for 100 s for best 

sensitivity. After one week storage in deionized water the electrode showed a 7% 

decrease in peak height after 6 days. A real sample collected in 24 North Parganas, West 

Bengal was analyzed. This same electrode was used to test for As(III), Cu(II) and Hg(II). 

In general, GNEE on basal-plane graphite modified electrodes were shown to 

reduce interferences from Cu(II) for the determination of As(III) and thus a higher 

sensitivity (3.52 μA/μM) compared to those of gold nano electrode ensemble (GNEE) on 

GC (1.04 μA/μM) and macro Au (0.32 μA/μM)
30

  Also, the stripping peaks for the 

nanoparticle electrodes are narrower and more symmetric when compared to the Au 

macro electrode. In a related work Dai and Compton
31

  reported the determination of Cu 

in the presence of various concentrations of arsenic using an L-cysteine modified Au 

electrode.  

Chowdhury et al.
32

  reported the results of As(III) detection on a nanogold-

particle/polyaniline (PANI)-modified glassy carbon electrode prepared first by depositing 

a thin conducting PANI layer and then depositing the Au in the presence of and in the 

absence of 0.1 mM KI additive. The modification appeared to produce a high dispersion 

of gold nano-particles in the PANI matrix. The reported LOD was 0.4 μg/L As(III) in 

0.1M HCl with SWASV as the electroanalytical technique.  
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Using gold nanoparticles that have been deposited on glassy carbon microspheres 

and wired together with multi-walled carbon\ nano-tubes (MWCNTs), Dai et al.
33

  

reported a methodology and procedure for fabricating these electrodes with less gold 

(99% less) than required for a gold macro disk. The utility of these electrodes was 

demonstrated using As(III) analysis with broad peak shape and significant capacitance 

background resulting in an LOD of 2.5 μg/L As(III). 

Hossain et al.
34

  described similar work where gold nanoparticles (10–40 nm dia.) 

were electrodeposited on a glassy carbon substrate from a solution containing 1.0 mM 

HClO4, 0.5M H2SO4, and 0.1mM I
−
. Additives such as KI, KBr, Na2S, and cysteine 

produced varying particles sizes. It was found that 2.0M HCl gave the best sensitivity for 

As(III) analysis (0.32mA cm
−2

/μM) and an LOD of 0.024 µM (1.8 μg/L). A very useful 

table in this paper summarizes the sensitivity and LOD for As(III) analyses using most 

recent nano-particle based electrodes. This table shows no clear trend in linearity, 

sensitivity, and detection limit as a function of the electrode but clearly demonstrates 

higher concentrations of hydrochloric acid as the most useful medium.  

A gold nanoparticle modified GC electrode was used as the working electrode in 

a cross flow thin layer electrochemical cell by Majid et al.
35

  for the determination of 

As(III) in spiked mineral water. The authors found that HCl reacted with the stainless 

steel counter electrode while H2SO4, and HNO3 did not. The electrode was 

preconditioned at 0.0V for 90 s before deposition at −0.4V vs. SSC and stripping scan 

from −0.3 to 0.6 V. The flow cell was found to be ten times more sensitive compared to a 

static cell. Broad peaks and wavy background, however, were evident and may not be 
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suitable for real sample analysis in presence of other interfering species. They reported an 

LOD of 0.25 μg/L As(III) with laboratory samples. 

Male et al.
36

  reported the development of arsenic biosensors using arsenic 

oxidase deposited on carbon nano-tubes modified GC substrate with a constant current. 

The procedure enabled direct electron transfer from enzyme to electrode without a 

mediator. Amperometric detection of As(III) was achieved at an applied potential of 0.3 

V with a LOD of 1.0 μg/L  within 10 s. They analyzed tap water, river water, and 

commercial mineral water and found less than 1 μg/L As(total) for the river water 

without an interference from Cu(II). 

Liu and Wei
37

 reported a DNA biosensor for As(III) based on a single walled 

carbon nanotube modified glassy carbon electrode in the neutral pH of PBS. The As(III) 

was deposited in open circuit by immersing the sensor in the solution for 180 s, removed, 

rinsed, and then a linear scan voltammogram was recorded for the reduction of As(III) to 

As(0). The reported LOD was 0.05 μg/L. 

Salimi
38

 reported an extremely interesting and novel As(III) sensor based on 

electrocatalytic oxidation of As(III) to As(V) on cobalt oxide nano-particles at 0.75V vs. 

SCE. The cobalt oxide nanoparticles were deposited on a glassy carbon substrate by CV 

scan (−1.1 to +1.1V) of 1.0 mM CoCl2 solution in pH 7 of PBS. The EC catalysis 

reaction can be described as follows:  

 

Co3O4 +H2O + OH
−
→ 3CoOOH + e

−
 

6CoOOH + H3AsO3 +2OH
−
→ 2Co3O4 +HAsO4

2−
 +5H2O 
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Amperometric detection at a rotating disc electrode showed linearity over 200 nM 

to μM As(III). The method was used to quantitate arsenic in samples from villages 

located in the Kurdistan Province of NW Iran. The reported LOD was about 1 μg/L with 

excellent repeatability. 

The response of nano-particle and CNT based electrodes are at best similar to that 

of solid macro electrodes (GC or Au) because nano-particles and CNT were deposited on 

such solid substrate. The advantages of such electrodes over standard solid electrodes, 

based on analytical figure of merits, stability and reproducibility are not clear.  

2.2.3 Ag, Pt, and C electrodes 

Stojanvic and Bond
39

   have used a Pt-disc electrode as an electrochemical 

detector in ion exclusion HPLC to measure As(III) in spiked bottled water samples. The 

amperometric analytical signal was due to the oxidation of As(III) to As(V) initiated by 

adsorbed species on PtOH surface at 0.8V vs. SSC. Oxidation of As(III) to As(V) is 

rarely used as an analytical signal for bulk sample analysis because of other species 

interferences. However, these interferences could be removed in a separation technique. 

The problem of solid electrodes is clearly shown by the loss in electrode sensitivity due 

to slow conversion of PtOH to PtO. A concentration of 15 μg/L was detected in bottled 

water samples. Routine and reliable electrochemical HPLC-detector for arsenic 

speciation has yet to be found. 

Cepria et al.
40

 developed a novel electrochemical screening method for arsenic in 

soil by physically immobilizing soil micro particles in graphite carbon paste. The 

voltammetry of immobilized micro particles was not a quantitative methodology but a 
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straightforward qualitative procedure for determining if a sample was contaminated. 

Analysis of the voltammograms revealed the presence of different metal cations such as 

Pb and Cu in addition to As(V) and As(III). Here the arsenic peak identification requires 

considerable expertise. It was concluded that As(III) was present when its percentage in 

soil samples was greater than 0.001% (expressed as As2O3). Soil samples were collected 

from various locations in Baia Mare, Romania. In a later work, Cepria et al.
41

 report 

using a paraffin impregnated graphite electrode to reduce As(V) in the presence of Fe(III) 

using 1 M HCl as the electrolyte at a potential of −1.0 V. The technique shows an LOD 

of 5 mg kg
-1

 (5 ppm or 5000 µg/L) of total arsenic.  

Ozsoz et al.
42

 report the interaction of As(III) with calf thymus double-stranded 

DNA (dsDNA), and also 17-mer short oligonucleotide. The study involves the use of a 

carbon paste electrode (CPE) and DPV and potentiometric stripping analysis techniques 

using a pencil graphite electrode (PGE) as two electrochemical biosensors. Weak 

interactions between As(III) and the guanine base were inferred. This technique could be 

potentially useful for indirect determination of As(III). 

In an effort to develop new electrode materials for arsenic analysis, Yogeswaran 

et al.
43

 systematically examined three different hybrid films, ruthenium oxide 

(RuOx•nH2O), ruthenium oxide/ hexachloroiridate and ruthenium 

oxide/hexachloroiridate/(Pt), the last of which was prepared on GC (glassy carbon), gold 

and ITO (indium tin oxide) substrate by repetitive CV scans in 0.1 M KNO3 at pH 2. The 

results indicate that the presence of Pt increased the active sites for the electrochemical 

oxidation of As(V). A linearly decreasing current value was recorded for the reduction of 
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20 nM to 0.36 mM As(III) on a rotating disc electrode. The reverse sensitivity was the 

result of a progressive deterioration of electrode activity after oxidation. Lastincova et 

al.
44

  used this method to determine As in soil extracts. It was found that cations Pb and 

Sb increased the As signal due to their similar stripping potentials while Cu, Zn and Cr 

did not interfere. Te, Sn, Bi and Se depressed the As signal due to stripping peak 

interferences and the formation of intermetallic compounds. They reported an LOD of 

0.15 μg/L. This technique is used in a standalone commercial arsenic analyzer (Istran 

Ltd., Bratislava, Slovakia). The instrument could well be adapted for stripping 

voltammetry using a different deposition potential and voltage scan in the stripping step 

to reduce interferences from other species. 

In a novel flow injection coulometric analysis (FICA), Sue et al.
45

  used a 

disposable screen printed ring-disk electrode in a wall-jet configuration to titrate As(III) 

with electro generated I2. The reactions are as follows: 

 

Disk electrode:       2I
−
  =  I2 + 2e

−
  Edisk = 0.7 V vs. SSC 

Counter electrode: 2H
+
  +  2e

−
 = H2 or, 2H2O + 2e

−
 = H2 + 2OH

−
 

Titration reaction:  H3AsO3 + I2 + H2O = AsO4
3−

 + 2I
−
 + 5H

+
 

Ring electrode:       I2 + 2e
−
 = 2I

−
  Ering = 0.0V vs. SSC 

 

The analytical signal is the transient current at the ring electrode, which is held at 

0.0V vs. SSC. The signal origin is the reduction of residual I2 left after the titration 

reaction with H3AsO3. A LOD of 75 μg/L was achieved with 50 μM KI in the mobile 
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phase. This method was utilized for As(III) measurements in groundwater of ‘Blackfoot’ 

endemic disease affected areas of southwestern coast of Taiwan. Although interferences 

from species such as Fe(II) and dissolved oxygen were not studied, the use of FICA as 

post-column detector can be envisioned.  

Punrat et al.
46

 report a system for As(III) detection using sequential injection with 

an in-situ thin film-modified screen printed carbon electrode (SPCE). Some of the 

advantages they report include low sample requirements with a LOD of 100 µg/L. The 

authors report that pretreatment can be automated and reproducibility can be improved by 

employing a clean gold surface on the SPCE and that the cost performance is good. Their 

reported LOD of 100 µg/L is high given the World Health Organization (WHO) MCL of 

10 µg/L for the analysis of groundwater containing arsenic.  

2.2.4 Signal enhancement through novel mass transfer techniques 

All stripping voltammetric techniques require fast and efficient mass transfer of 

analyte ions to the working electrode for efficient preconcentration of metal. Normally, 

this is achieved by a magnetic stirrer or, less frequently, a rotating disc electrode. 

Techniques to increase the mass transfer coefficient were investigated with success as 

shown in the following literatures. The local motion of solution during enhanced mass 

transfer also prevents build-up of hydrogen bubbles during reduction and enhances metal 

deposition in an acid media. 

A novel gas-driven rotating disk gold electrode running at 650 Hz was used to 

enhance steady state As(III) stripping peak by an order of magnitude compared to that in 
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a quiet solution
47

. The rotation speed achieved a diffusion layer thickness of two μm and 

considerably lower noise. 

Mass transfer on a gold microelectrode placed at the end of a Teflon tube 

integrated with a low frequency sound vibration source (250 Hz) was shown to increase 

the mass transfer and thus the As(III) stripping signal by two orders of magnitude
48,49

,  

compared to that of a quiet electrode. The sonically assisted mass transfer technique 

produced an LOD of 10
−9

 M As(III) with a sensitivity of 27.2 μA μM
−1

. Included in this 

research was a study of Cu interference during As determination and application of the 

methodology to river water samples containing Cu and electrode passivating organic 

materials. Cu(II) appears to be the significant interferent in As(III) analysis while 

sonication has a depassivating effect on As(III) analysis. 

Prakash et al.
50

 described a method for trace arsenic determination by DPASV 

with a novel metal side disk rotating electrode (SDRE). They found that a SDRE 

(rotation speed 1000 rpm) can minimize the H2 bubble formation on the Au-electrode in 

very acidic HCl sample, which resulted in reduced noise and increased signal. It was 

observed that the presence of 20–30 μg/L of Cu(II) ions increased the sensitivity through 

formation of Cu2As3 intermetallic compound in contrast to previous studies. Groundwater 

samples were analyzed and compared against measurements with an atomic absorption 

spectroscopy technique. The results showed a 15% variation for samples in the range of 

10–50 μg/L. 
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2.2.5 Optimization of acid concentration with gold electrodes  

The electrolyte is of crucial importance when conducting electroanalytical 

experimentation. How gold wire electrodes form an amalgam with some cations is 

important and must be understood in differing acid concentrations. To that end, a 

literature search specific to arsenic-gold amalgams and acid concentration was 

investigated and many of the same referenced literature review articles were returned. It 

is important that they be addressed again specifically for this section. Wang and Greene
51

 

reported their work with a flow cell system using anodic stripping voltammetry and a 2 

mm gold disk electrode using 1 M HCl as the electrolyte. They report good peak 

resolution using differential pulse stripping and well defined peaks with increasing 

deposition time for decreasing As(III) concentration. Though they reported copper 

contamination, no interference was observed in their study by a copper blank at 10
-8

 M. 

Kamenev
18

, using EDTA and concentrations not to exceed 0.01 M H3PO4 due to the 

precipitation of white flakes, worked to determine new techniques for the simultaneous 

determination of arsenic(III) and copper(II) by anodic stripping voltammetry. The 

electrodes used were a disk gold electrode (d = 1.5 mm) and a gold–graphite electrode (d 

= 4 mm) as the working electrodes. Song and Swain
28

 report that the literature reveals 

that HCl at a concentration greater than 0.5 M is the best for As(III) detection based on 

the sharpness and reproducible nature of the stripping peak. Their work was specific to 

Au-coated, boron-doped, diamond thin-film electrode that resulted in sub-μg/L LODs for 

As(III) and As(V) in both standard and local river water samples. Au-coated diamond 

was found to yield narrower stripping peaks and a lower LOD than Au foil. The 
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supporting electrolyte was 1 M HCl for electrochemical experiments. Using a flow 

system with gold nanoparticles on a dual glassy carbon electrode as the working 

electrode, Majid et al.
38

 found that their reproducibility was far better if the 

electrochemical reduction of arsenite was performed in nitric acid instead of hydrochloric 

or sulfuric acid. This is significant because 42.9% of the reviewed articles reported HCl 

as the electrolyte of choice. Dai et al.
52

 report a methodology for detecting As(III) in 1 M 

HCl using a gold nanoparticle-modified glassy carbon electrode. They report a LOD of 

0.0096 μg/L using LSV. As cited in the literature review section, Salaun et al.
14

 reported 

a LOD of 0.2 nM (~15 μg/L) for As(III) in 0.01 M HCl. This is significant in that this is a 

very low concentration of electrolyte and a focus point of this research. They also report a 

25 μm Au wire as the preferred electrode size in the determination of As(V) in 0.1 M acid 

rather than the 5 μm Au wire. Dugo et al.
53

  report using derivative anodic stripping 

chronopotentiometry (dASCP) for trace As(III) detection, a limit of detection of 0.08 

μg/L  in 3 M HCl under optimized electrochemical conditions and without de-

oxygenation procedures. They also report a decrease in sensitivity as a result of organic 

substances naturally present in environmental aqueous samples. 

The above reviews delineate a wide array of acid type and concentration along 

with differing types of gold electrodes. There is a significant amount of research 

involving gold nano-particles on glassy carbon electrodes and on different substrates that 

are being used and tested in the lab as working electrodes in electrochemical experiments. 

Acid type and acid concentration still tend toward a mineral acid, mostly hydrochloric at 

a concentration of 0.1 to 2 M. 
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2.3 Cathodic stripping voltammetry  

In addition to ASV, cathodic stripping voltammetry (CSV) with Hg as the 

working electrode is a classical technique for anions analysis. Hg is the best electrode 

material for multi-trace metal analysis and there are continued interests in using this 

electrode in new applications. Modern hanging drop mercury electrode (HDME) and 

electronically controlled static mercury drop electrode (SMDE) which uses a very small 

amount of mercury have found renewed uses in laboratory environment. However, the 

use of Hg as an electrode material is discouraged because of its toxicity and waste 

disposal problems. The following papers were noted for their innovative use of Hg (l), Cu 

modified Hg(l), and Bi deposited on graphite as electrode materials for As(III) and As(V) 

analysis. 

2.3.1 Mercury, copper and bismuth electrodes 

Although the basics of CSV of As(III) on mercury electrode has not changed 

significantly in terms of chemistry and methodology since its inception, (e.g., Sadana
54

) 

several works report novel uses of HDME and its applications in arsenic analysis. 

Notably, He et al.
55

 reported a procedure for the speciation of arsenic in the field using 

DPCSV on a HDME based on the deposition of intermetallic species CuxSeyAsz on Hg at 

−0.4V vs. SSC and its reductive stripping at −0.68V vs. SSC. The basic reactions are as 

follows: 

 

Deposition : 2As + 3MHg + 6e
−
→ M3As2 + 3Hg 

Stripping :   M3As + 12H
+
 +12e

−
 + 3Hg → 2AsH3 + 3H2 + 3MHg (where, M = Cu or Se) 
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An analysis of peak potential was used to find the optimum concentrations of 

Cu(II) and Se(IV) as 4.6 mg/L and 3.7 μg/L, respectively. As(V) was quantified after 

reduction to As(III) with 2 mg/mL of sodium meta-bisulfite and 0.2 mg/mL of sodium 

thiosulfate. The method was tested with NIST SRM and applied to the measurement of 

As in EPA superfund sites. 

Profumo et al.
56

  describe a linear scan CSV method for the determination of 

As(III) and total As very similar to classical CSV measurements
46

 with HBr instead of 

HCl as the supporting electrolyte. The use of HBr appears to require a shorter deposition 

time and less Cu and reported a LOQ (level of quantitation) of 0.010 and 0.020 μg/L for 

As(III) and As(V), respectively, with good repeatability (n=7, SD 5% with 1 μg/L  

arsenic). The method was applied to measure arsenic in mineral water, geothermal water, 

and seawater. 

de Carvalho et al.
57

  reported an adsorptive CSV (AdCSV) technique for the 

measurement of As(III) at a HDME in the presence of sodium diethyl dithiocarbamate 

(SDDC). SDDC (4 μM) is known to form a stable complex with As(III) on the Hg-

electrode surface through adsorptive deposition at −0.45V vs. SSC in 0.01 M HCl held 

for 100–300 s. The As(III) in the adsorbed complex can then be reduced to As(0) in a 

cathodic stripping scan to yield the analytical peak at 0.83V vs. SSC. The method was 

proven through spike recovery tests in mineral, seawater, and dialysis concentrate with 

93–110% recovery. Similarly, Piech and Kubiak
58

 found higher sensitivity, lower 

detection limit, and lower deposition time (LOD at 0.004 μg L
−1

 with deposition times as 
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short as 50 s) using SDDC as a complexing agent for As(III). This sensitivity 

enhancement was also due to the presence of Cu(II) and with an optimized hydrodynamic 

condition. It was shown that higher deposition time was required at lower Cu(II) 

concentration (1 mM or less) for the needed Cu3As2 intermetallic compound formation. 

The methodology was applied for the determination of As(III) and As(V) in several 

mineral water samples at 0.1 μg L−1 or less. Carvalho et al.
59

, later used the same 

AdCSV for the speciation of As(III) and As(V) in water and saline samples after a 

chemical reduction of As(V) with a mixture of Na2S2O5/Na2S2O3 at 2.5 and 0.5mg/mL, 

respectively. 

Kowalska et al.
60

 reported a CSV procedure (Sadana
46

) with HDME for the 

determination of As(III) and As(V) in soil extracts. In their procedure the As(V) of 

inorganic arsenic was determined after the reduction of As(V) with KI and ascorbic acid. 

The extraction procedure employed the following extractants; HCl/HNO3 (2:1), 0.3M 

H3PO4 (pH 1.3), and methanol/water (1:1). It was found that H3PO4 and methanol/water 

did not oxidize the As(III) to As(V) and could, therefore, be used to differentiate between 

the two inorganic species. Although the HCl/HNO3 extraction combination did give the 

highest efficiency, it also oxidized As(III) to As(V) and hence cannot be used to 

differentiate between the two species. 

Locatelli and Torsi
61

 reported a procedure for the simultaneous determination of 

the following metal cations; Cu(II), Pb(II), Cd(II), Zn(II), As(III), Se(IV), Mn(II), Fe(III) 

in solutions of different food matrices using SWASV for the first four, and SWCSV for 

As(III) and Se(IV) which were present in trace quantities. They used plain SWV for 
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Mn(II) and Fe(III) since they were present at mg/L level. This work is an excellent 

example of the multielement nature of voltammetric techniques using Hg as the 

electrode. The electrolyte employed was 0.5 M HCl and ammonia–ammonium chloride 

buffer at a pH of 8.8. The study found that peak area is a better measure of analytical 

signal and yields a lower LOD instead of peak height. For As(III), the LOD when 

measuring peak height (ip) was reported as 0.168 μg/L and for peak area was reported as 

0.014 μg/L. The authors used Wholemeal, Wheatflour, and Riceflour standard reference 

materials (SRMs) to validate the analytical protocols. This study is one of the most 

versatile applications of Hg electrode for trace analysis and could be used as a model for 

other applications. 

Tongesayi and Smart
62

 demonstrated that As(III) can be determined in the 

presence of dissolved organic matter (DOM) such as fulvic acid. The Cu–fulvic acid and 

As–fulvic acid complexes formed have a higher affinity of adsorption than Cu(II) and 

As(III) on the Hg electrode thus enhancing the formation of intermetallic Cu–As–Hg. 

This explains higher sensitivity for As(III) analysis compared to that in the 

absence of DOM. Real and synthetic samples spiked with fulvic acid were analyzed using 

Ad-SWCSV technique. 

Piech et al.
63

  employed a hanging copper amalgam drop electrode in the 

determination of As(III) using DPCSV. The copper amalgam was prepared separately by 

partially dissolving Cu wire in a pool of Hg. This procedure avoids adding Cu(II) in 

solution and optimizing its concentration. The novel electrode preparation technique 

minimized contamination and provided for a quicker analysis. The method was tested by 
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analyzing certified reference material and natural water samples for total arsenic. Like all 

CSV of As(III), significant interferences were observed in presence of Se(IV), Te(IV), 

and synthetic surfactants. Therefore, sample preparation and cleanup are necessary for 

accurate analysis. 

Jiajie and Nagaosa
64

 developed a novel sensitive method for trace determination 

of As(III) using an in-situ plated bismuth film on edge-plane graphite as the electrode in 

presence of Se(IV) by SWCSV. It was found that there is no As(III) response unless both 

Bi(III) and Se(IV) are present in solution. The enhanced cathodic peak at −1.15V vs. SSC 

corresponding to the catalytic hydrogen wave was due to Se(IV) is the analytical signal. 

The method was tested with synthetic water and Oyster tissue SRM samples with 97% 

recovery and an estimated LOD of 0.7 ng/L As(III) with 30 s deposition time.  

Generally, methods involving mercury electrodes for arsenic analysis are 

complicated and require more reagents, careful sample preparation, and are prone to 

interferences from adsorption of naturally occurring organic matter for routine analysis. 

The advantage is that HDME does not require electrode conditioning and cleaning and 

has been tested with many practical samples including many SRM for method validation. 

2.3.2 Purpose of this research 

The literature review shows that a routine, high throughput electroanalytical 

technique for arsenic analysis in a simple matrix like water is still a challenge. 

Measurement of trace levels of inorganic arsenic species by stripping voltammetry is still 

a very active area of research. The primary goal of the bulk of the above research appears 

to be to use existing instrumentation and develop methodologies for environmental 
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analysis. Are all these methods equally good for real sample analysis? There is no clear 

answer. As for the materials and methods, Au electrode or Au on GC in strongly acidic 

HCl seems to be the best performer for real samples. Most water samples can only be 

preserved in strongly acidic solution to prevent the change of redox state of arsenic and 

keep ions in solution. The same sample can be used for spectroscopic analysis (AA and 

ICP) for method comparison. Very few papers described method validation and SRM 

analysis. Although the use of direct calibration is the primary choice in most of the 

papers, the effect of unknown sample matrix requires standard addition as the method of 

calibration. Except for a couple of methods none were used as a routine analytical 

technique despite the cost advantage for electrochemical instrumentation. The problems 

still lie in the nature of the working electrode and the issue of repeatability for stripping 

voltammetry to become a commercially viable technique. Robust electrodes based on 

metal doped BDD, nano Au modification, and screen printed disposable electrodes were 

tested as alternatives. The problems with electrode response by using novel electrode 

conditioning and cleaning procedures were confirmed. The enhancement of mass transfer 

to increase deposition efficiency was realized. 

The research envisioned here will encompass the investigation of the fundamental 

parameters of electrochemical analysis employing stripping voltammetry: deposition 

time, electrode conditioning procedures, electrolyte concentration, deposition potential, 

and stripping potential. These parameters will be optimized to support a field deployable 

system. Future work will include a matrix-like database to compare different 
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combinations of applied parameters to determine the optimum collection of experimental 

settings that yield the best quantitative results. 

The above analyses will be implemented with a flow cell instead of a batch cell as 

this is believed to be necessary for high throughput analysis. Acid strength is very 

important when considering deploying a system to the field. Not having to transport high 

concentrations of hydrochloric or some other mineral acid into the field would be a 

significant advantage and enhance the portability of the system. This research will 

address acid concentration in-depth, whether 0.01, 0.1, 1.0, 2.0 M acid strength or greater 

gives the best results in trace analysis. Acid concentration will be investigated along with 

deposition time and electrode conditioning routines to determine the analytical mix that 

yields the best results, which must include repeatability. Gold electrodes in some form 

are fundamentally the best for trace arsenic detection as delineated in the literature 

review. Consequently, electrode conditioning and cleaning become paramount in 

designing a field deployable flow cell. By combining all these improvements, it may be 

possible to develop small and reliable stripping voltammetry based instrument for the 

analysis of inorganic arsenic species in the field. The commercial demand for such an 

instrument could be very significant. 
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3. EXPERIMENTAL 

3.0 General information 

This section describes the general aspects of the materials, methods, and 

instrumentation used in this research. Brief explanations of the electrochemical 

procedures employed are contained in the Appendix at section 5.2. In addition, we 

describe the materials and fabrication procedure used in constructing flow cells. Different 

electrode types were initially used to investigate and understand basic electrochemical 

analysis. These electrode types included a button Au plated glassy carbon (not discussed 

in this work), and a commercial electrode - TraceDetect Nano-Band button-type electrode 

advanced TriTrode™, discussed in section 3.2.1. Additionally, fabricated pipette 

electrodes with different diameter Au wire were investigated to study different diameters 

of gold wire as the working electrode. These pipette electrodes are very easy to fabricate 

and yielded excellent results in all electrochemical methodologies studied (shown later).  

The small vibrating motor used in the manganese experiment was purchased from 

Radio Shack (Item number 273-0107, no-load speed 16,000RPM ±15%, 3VDC, 95mA 

max). The motor was attached with adhesive tape to the bottom of the flow cell at the WE 

end of the flow cell. This particular motor had a rotating hub, which was positioned in 

such a fashion as to not strike the flow cell.  
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Finally, flow cells employing 100 µm diameter Au wire as the working electrode 

were constructed and used in arsenic detection. They are further described in the 

following sections. The results from these initial studies are discussed in Chapter 4.  

3.1 Reagents and chemicals 

All reagents used were analytical grade mineral acids from different companies to 

include Aldrich-Sigma, Fischer Scientific and PlasmaPURE. No additional purification 

was performed on any of the acids. Standard stock solutions of As(III) and As(V) were 

prepared at concentrations of 1000 mg/L, 100 mg/L and 1 mg/L, using sodium arsenite 

(NaAsO2, Baker & Adams) and sodium arsenate heptahydrate (Na2HAsO4 
. 

7H2O, 

Fisher). The 1000 mg/L and 100 mg/L solutions were diluted with pure deionized water 

(Hydro Services & Supplies, INC., Corporate Headquarters, Research Triangle Park, NC, 

18 MΩ). The 1 mg/L solution was diluted with 2 M HCl and used as the stock solution 

for additional standard solutions at lower concentrations. These solutions were prepared 

by pipetting a calculated amount into a 10 or 100 mL volumetric flask and filled with 2 

M HCl. Example: A 100 mL stock solution of 100 μg/L As(III) solution was prepared by 

pipetting 10.0 mL of 1 mg/L As(III) into a 100 mL volumetric flask and then filled to the 

mark with 2.0 M HCl. The 0.5 M H2SO4 solution is prepared from concentrated H2SO4 

(95–98% ACS Reagent, Sigma Aldrich). All concentrations of hydrochloric acid (HCl) 

were prepared from concentrated HCl (95–98% ACS Reagent, Sigma Aldrich, and 

PlasmaPURE). All concentrations of nitric acid (HNO3) were prepared from concentrated 
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HNO3 (68-70% ACS Reagent, Fischer Scientific). All concentrations of phosphoric acid 

H3PO4 were prepared from concentrated H3PO4 (75% ACS Reagent, Fischer Scientific). 

Groundwater samples reported those from Siskiyon, Oregon (collected in May 

2008), a municipal water sample from Turkey (collected in February 2012), and a sample 

from the Natron Valley, Egypt (collection date unknown). The reduction procedure 

employed is described as follows: 3.5 mL of 2 M HCl were added to 46.5 mL of one of 

the above samples, 1.0 mL of 0.5 N sodium thiosulfate (Na2S2O3) was added as the 

reducing agent. The mixture is then agitated occasionally while standing at room 

temperature for at least 4 min. This procedure was modified from the Nano-Band 

TraceDetect procedure guide. Additional reducing procedures included dissolving of 0.2 

g of sodium sulfite (Na2SO3) in 10.0 mL acidified sample (2 M HCl) and warmed on an 

electric plate for 5 minutes while agitating. The sample beaker was covered with a watch 

glass to retain as much liquid as possible during the reduction procedure. 

Manganese addition was performed by adding approximately 0.0005 g of MnO2 

(Fischer Scientific) to 100 mL of 0.1 M HCl. 

3.2 Instruments and apparatus 

The below listed instruments are computer controlled electrochemical analyzers 

capable of running most of the common electrochemical techniques. These include linear 

scan voltammetry(LSV), cyclic voltammetry(CV), chronoamperometry(CA), 

chronocoulometry(CC), square wave voltammetry(SWV), differential and normal pulse 

voltammetry(DPV or NPV).  
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3.2.1 TraceDetect Nano-Band Explorer II 

The TraceDetect system (TraceDetect, Seattle, WA, USA) is a commercial 

electrochemical analyzer and is a kit as pictured in Figure 8. The advanced TriTrode™ 

electrode technology is forging new territory for the Nano-Band Explorer II system. The 

new all-in-one TriTrode electrode unites all three electrodes into one convenient piece. 

Combining the working electrode (carbon), reference electrode (SSC), and auxiliary 

electrode (Pt) into one, the TriTrode is constructed out of plastic and the system is 

pictured in Figure 9. It is claimed to offer easier setup, higher reliability, and simple 

maintenance.
65

 These claims appear not to be correct because two of the electrodes failed 

to produce a signal probably due to malfunction of reference electrodes containing 

ceramic junctions. This commercial system was being considered as a possible 

deployable system and hence was studied in this work and in the fields in Bangladesh. 

Additional photographs of the electrode are shown in Figures 9 and 10. Table 16 in the 

appendix in section 6.3.1 delineates the specifications of the Nano-Band electrode. This 

system was used to investigate the electrochemical techniques used in trace arsenic 

detection and gain experience using large electrodes in different experiments. The 

TraceDetect Nano-Band™ electrode was designed to allow rapid trace metal 

measurement. The electrode performance in the University laboratory was very good 

(See results and discussion, section 4.3.2). The Nano-Band™ electrode is comprised of 

100 sub-electrodes each with a reported surface area of less than 2 µm
2
 (See Figure 10 

centerline array, advertised area 1.5e-4 mm
2
). 
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Figure 8. TraceDetect Nano-Band Explorer II electrochemical analyzer. The graphic shows the entire 

Explorer II system as delivered. It includes a padded carrying case, potentiostat, stirrer plate, electrode and 

reagents which included 0.5 N sodium thiosulfate, 2.0 M HCl, 20 mg/L As(V) standard, and 60 mL of 1000 

mg/L of gold plating solution. (reagents not pictured above.) 

 

  

Figure 9. TraceDetect Nano-Band electrode. Left panel – bottom view of electrode with the round reference 

electrode surface pictured on top. In the right panel are two(2) electrodes in a lengthwise view. Electrode 

specifics can be found in Table 16 in section 6.2.1. 
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Figure 10. Shown above is a zoom of the Explorer II electrode showing the circular reference electrode 

(SSC), the thin rectangular working 100 sub-electrodes (carbon) and the counter electrode (Pt). 

 

3.2.2 CH 1220A 

The CH 1220A (CH Instruments, INC. Austin, TX) is a commercial 

electrochemical analyzer available from CH Instruments, INC. It is shown in Figure 11 

along with a flow cell configured to conduct arsenic analysis. 

 

Reference electrode (SSC) 

Counter electrode (Pt) 

Working electrode (carbon) 

Linear array of 100 sub-

electrodes 
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Figure 11. The photograph shows the CH Instruments potentiostat in the center, a flow cell to the left 

configured for operation and a small laptop as the deployable computer interface for the analysis. CH 

Instruments potentiostat specifics can be found at Table 17 section 6.2.2. 

 

The below schematic is representative of the experimental layout for this flow cell 

research and used for both types of electrochemical analyzers (potentiostats). Two 

different types of peristaltic pumps were used in this research. Figure 12 depicts both 

pumps. A peristaltic pump is a type of positive displacement pump used for pumping a 

variety of fluids. The fluid is contained within a flexible tube fitted inside a circular pump 

casing. A rotor with some number of rollers or shoes are attached to the external 

circumference and when rotating compresses the flexible tube, effectively pinching it 

shut through the complete track of rotation. During this rotation, that part of the tubing is 

C. Laptop computer 

B. Flow cell 

A. Potentiostat 

http://en.wikipedia.org/wiki/Pump
http://en.wikipedia.org/wiki/Rotor_(turbine)
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compressed and forces the fluid to be moved or pumped through the tube. Refer to Figure 

13 for a description of the experimental setup employing a peristaltic pump with flow cell 

configured for arsenic analysis. Flow cell operation with either of the peristaltic pumps is 

described in the caption for Figure 13. 

 

  

Figure 12. Peristaltic pumps – Masterflex on the left has a flow range: 0.002 to 12.3 mL/min per channel 

depending on drive rpm and tubing size and the Instech on the right has a flow range of 0.2 µL/min to 18 

ml/min (0.04 to 1100 ml/hour) with an accuracy better than ±5%. 
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Figure 13. Experimental schematic for flow cell experiment. The pump draws the sample into the flow cell 

where the electrochemical technique is performed and controlled by the computer driven potentiostat. The 

sample returns through the pump and back to the reservoir. The computer displays the voltammogram for 

analysis. Detailed operational procedures are described elsewhere in the following sections. 

 

3.3 Methods and procedures 

3.3.1 Sample preparation 

Analytical experiments were done with As(III) standards diluted to the desired 

concentration. A serial dilution (section 3.1) procedure was used to make low µg/L 

concentrations. Micropipettes were used throughout for sample dilution. The samples 

were prepared in volumetric flasks and then transferred into plastic vials to reduce loss of 

As(III) by sorption on glass surface. 
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3.3.2 Procedure with Nano-Band Explorer II electrochemical analyzer 

The procedure for conducting a scan using the Explorer II is delineated in the 

following steps. Polish the Nano-band electrode with 3 µm alumina grit for 60 seconds 

using the provided buffing pad. Rinse the electrode with deionized (DI) water, removing 

all grit. Clean the electrode for 60 seconds on the provided grit free cleaning pad and 

rinse again. Next, prepare an Au plating solution for electrode deposition. A 50 ml 

aliquot of 200 mg/L Au plating solution was prepared from the laboratory Au solution by 

introducing 2.105 mL of 4749 mg/L Au solution into 50 mL volumetric flask and diluting 

to the mark with DI water. Plating the Au to the Explorer II is accomplished in the 

software interface. Under this condition the electrode is poised at -0.50 volts for 50 sec 

vs. the internal reference under nitrogen and unstirred for the reduction of Au(IV) to 

Au(0) on the carbon electrode array. The plating potential is chosen to avoid hydrogen 

evolution from acidic solution. When the plating time was over, the electrode was 

removed and immersed in the blank solution of 0.14 M HCl previously prepared from 

stock reagent grade HCl. The electrode is then conditioned while in the blank solution 

with the application of a voltage of 0.50 V for 15 seconds. The electrode is now ready for 

arsenic detection. At this potential the gold is stripped off as oxidation along with any 

other metal impurities codeposited with Au(0). A higher conditioning potential cannot be 

used with this electrode due to the +0.65 V (high) voltage electrode limit. This was one 

drawback for this electrode compared to pure gold micro-wire. The electrode is now 

ready for arsenic detection. Typical arsenic analysis conditions are: deposition potential 

of -0.4 V, deposition time of 60 to 180 s, scan range from -0.4 to 0.6 V employing LSV. 
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3.3.3 CH Instruments 1220A electrochemical analyzer 

The procedure for conducting a scan using the CH Instruments electrochemical 

analyzer was followed as outlined in the user’s guide and through the software interface 

(CH Instruments, Model 1220A Series, Electrochemical Analyzer, User’s Manual, 

Version 5.01, Revised on 5/1/2005). The procedure delineated next is an example for 

using this analyzer. The operating procedure assumes a flow cell in place. Refer to Table 

18 in the appendix for parameter settings and explanation. 

The flow cell was connected to the tubing from the peristaltic pump, the suction 

end immersed into the sample, and the discharge from the peristaltic was directed back 

into the sample container. Figures 11 and 13 depict the tubing suction end in a sample 

beaker. The pump is turned on and flow is established. At this time the flow cell should 

be inspected for leaks at connection points. Should any leaks develop, the connections 

should be resealed with additional paraffin paper. Additionally, flow cell air leaks will 

manifest themselves as bubbles. All air leaks must be sealed to prevent air from 

surrounding the working electrode (Au wire) or the reference electrode or the air will 

manifest itself as a no connection output, essentially a wide noise band. Once flow is 

established without any air bubbles or fluid leaks, the software can be configured for a 

particular electrochemical procedure by selecting Technique… under Setup, refer to 

Figure 14 or a previously ran file can be read in and modified for a particular scan. 
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Figure 14. CH Instruments s/w display displaying the Technique Selection pull down menu at the left. The 

text on the right shows experimental conditions and some data analysis. 

 

After technique selection is complete, the individual parameters must be set or 

checked. Running the sample is completed by following the directions in the user’s 

guide. Holding the cursor over the right pointing arrow (Run) will display the small Run 

dialog box. After the run, additional user options are available and discussed in the user’s 

guide. The run is then saved to the appropriate directory/folder for additional analysis. Of 

fundamental importance is ensuring the connectivity to the potentiostat and electrodes in 

the flow cell, as discussed earlier. The connector copper clips from the potentiostat were 

cleaned with 600 A weight waterproof emery paper from Carborundum North America 

weekly.  

Additionally, tubing connections to the peristaltic pump were checked daily prior 

to each experiment set for wear and excessive stretching. Neglecting this operational 
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aspect can result in decreased flow rates or no flow cell flow throughput. The discharge 

from the pump is positioned in a manner to allow visual inspection of the return fluid into 

the plastic container. 

3.3.4 Reduction of As(V) to As(III) 

Field samples containing As(V) must be reduced to As(III) to make it 

electrochemically active in the potential range for analysis. The reduction procedure 

employed is described as follows: 3.5 mL of 2 M HCl were added to 46.5 mL of one 

unknown sample; 1.0 mL of 0.5 N sodium thiosulfate (Na2S2O3) is added as the reducing 

agent. The mixture is then agitated occasionally while standing at room temperature for at 

least 4 min. This procedure was modified from the Nano-Band TraceDetect procedure 

guide. Additional reducing procedures included dissolving 0.2 g of sodium sulfate into an 

10.0 mL acidified sample (2 M HCl), then warming and agitating on an electric plate for 

5 minutes. The sample beaker was covered with a watch glass to retain as much liquid as 

possible during the reduction procedure. Additionally, the reduction procedure employed 

by Rasul et al.
11

 was also used. A single 5.0 mL of sample was acidified with 5.0 mL of 6 

M HCl and 0.2 g of Na2SO3 was added. The solution was then heated to near boiling with 

occasional stirring until all excess SO2 fumes were driven off. Additionally, As(V) 

reduction was completed chemically using a protocol involving the reduction of Mn(II) 

onto the Au wire forming a coating Mn(0) on the electrode. The As(V) is reduced to 

As(III) through a novel redox reaction between As(V) and Mn(0). This protocol is further 

described in section 4.5.4. 
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3.3.5 Electrochemical parameters for CV, LSSV and SWASV 

Table 3 displays the parameters used in the electrochemical experiments with 

settings selected and a short description. 

 

Table 3. Electrochemical parameters used for CV, LSSV and SWASV. 

Setting Cyclic 

Voltammetry 

Linear scan 

Voltammetry 

Square Wave 

Voltammetry 

Description 

Initial Voltage 

(V) 

0.0 -0.25 -0.6 Starting 

voltage point 

for scan. 

High or Final 

Voltage (V) 

1.5 0.5 0.6 End point of 

voltage scan. 

Increment (V) N/A N/A 0.004 Step increase 

of voltage 

during scan. 

Low voltage (V) 0.0 N/A N/A The low 

voltage scan 

point. 

Amplitude (V) N/A N/A 0.025 Pulse 

amplitude 

Frequency (Hz) N/A N/A 15 Sampling 

frequency. 

Initial scan 

polarity 

Positive N/A N/A Diecrtion of 

scan at start. 

Scan rate (V/s) 0.1 0.1  N/A Data sample 

rate. 

Sweep 

segments 

4 N/A N/A Number of half 

cycles scanned. 

Sample interval 

(V) 

0.001 N/A N/A Data scanning 

rate. 

Quiet time (sec) 10 5 10 Time electrode 

at quiet 

potential. 

Sensitivity 

(A/V) 

1.e-004 1.e-004 1.e-004  

Preconditioning 

potential (V) 

N/A 0.55 0.55 Potential 

applied to 

electrode prior 

to deposition 
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an oxidation to 

clean the 

surface. 

Preconditioning 

time (sec) 

N/A 10 10 Time at 

preconditioning 

potential. 

Deposition 

potential (V) 

N/A -0.25 -0.4 Potential for 

deposition. 

Deposition time 

(sec) 

N/A 10-300 10-300 Length of time 

for deposition. 

Quiet potential 

(V) 

N/A -0.25 -0.25 Potential at 

which the 

electrode is 

maintained  

 

3.4 Gold microwire electrode fabrication 

In this section we describe the materials, methods and procedures for fabricating 

the gold microwire for a pipet type electrode and flow cells specifically developed for 

high throughput arsenic field analysis. Field deployable arsenic flow cells are the primary 

contribution of this work. The Au wire was ordered from Alfa Aesar (See Table 5.) and 

the production process might have resulted in an organic coating being placed on the wire 

to aid in the manufacturing output. The 50 µm wire was coated with a drawing lubricant 

as reported by the supplier, Alfa Aesar, INC., and the 100 µm Au had no coating on it 

also reported by the supplier. The 100 µm wire was used in the bulk of the research.  

All bulk gold wire was rinsed for 30 s in 0.1 M HNO3 followed by laboratory 

acetone and 18 MΩ DI water. This procedure was performed three times on each batch of 

gold wire. This chemical cleaning procedure was probably not completely effective. A 

summary of the materials used for this purpose are listed in Table 4.  
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Table 4. Specifications of materials used in this research. 

Material Manufacturer Type Specification 

Connectors Ark-Plas 

Products, INC., 

165 Industry 

Lane, Flippin, AR 

72634, USA 

Multiple 04AS0281APF 

Tubing Stock laboratory 

tygon 

R-1000  

Copper tape Ted Pella, INC. 

P.O. Box 492477 

Redding, CA 

96049-2477, USA 

6.3 mm wide  

Epoxy Henkel Consumer 

Adhesives 

 32150 Just 

Imagine Drive, 

Avon, OH 44011, 

USA 

Loctite® Quick 

Set 

Epoxy 

LB8GAB1407 

Emory paper Carborundum 

Corp., 2050 Cory 

Road, Sanborn, 

NY 14132, USA 

600 wt 600 wt 

Parafilm 

(paraffin paper) 

Parafilm M 

SPI 

Supplies/Structure 

Probe INC., 

569 East Gay 

Street 

West Chester, 

PA 19380 

  

Pipettes Rainin 

Instruments CO. 

INC., 7500 

Edgewater Drive, 

Oakland, CA 

94621, USA 

Multiple sizes 

and lengths 

 

Au wire Alfa Aesar  

26 Parkridge 

Road, Ward, MA 

01835, USA 

0.0127 mm 

0.025 mm 

0.050 mm 

0.100 mm 

99.995% 

99.95% 

99.995% 

99.995% 

Pt wire Alfa Aesar  

26 Parkridge 

Road, Ward, MA 

01835, USA 

0.1 mm 99.997% 
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Hydrochloric  

Acid (HCl) 

Sigma-Aldrich 

3050 Spruce 

Street, St. Louise, 

MO 63103, USA 

37 % ACS  

Hydrochloric  

Acid (HCl) 

PlasmaPURE 348 

Route 11, 

Champlain, NY 

12919-0771, USA 

37 % ACS  

Nitric Acid 

(HNO3) 

Fisher Scientific, 

Part of Thermo 

Fischer Scientific 

81 Wyman Street, 

Waltham, MA 

02451, USA 

70 % ACS  

Sulfuric Acid 

(H2SO4) 

Sigma-Aldrich 

3050 Spruce 

Street, St. Louise, 

MO 63103, USA 

95-98 % ACS  

Phosphoric Acid 

(H3PO4) 

Sigma-Aldrich 

3050 Spruce 

Street, St. Louise, 

MO 63103, USA 

95-98 % ACS  

Ag/AgCl ref. 

electrode and 

potentiostat 

CH Instruments, 

INC. 3700 

Tennison Hill 

Drive, Austin, TX 

78738, USA 

 Filled with 1 M 

KCl 

TraceDetect 

Nano-Band 

Explorer II 

electrochemical 

analyzer 

180 N Canal 

Street 

Seattle, WA 

98103-8617, 

USA 

  

 

3.4.1 Fabrication of pipette microelectrodes 

Multiple pipette micro electrodes were fabricated using micropipette tips and 

investigated for use in this research. These experiments were performed to investigate 

differing Au diameter wire to see which would be more suitable for a flow cell. See 

Figure 16. The electrode suitability is determined from the stripping current magnitude, 
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the peak and the signal repeatability. The procedure is as follows. Two new pipette tips 

are selected and used in the fabrication of a pipette electrode. Approximately 3 – 5 mm of 

the first pipette is cut off. This will allow the first pipette tips insertion into the 

appropriate depth into the top of the second. Prior to inserting the cut pipette tip into the 

second, cut the Au wire or other electrode material to a recommended length, then wrap 

and fold the end in copper tape  allowing the remaining exposed electrode to be threaded 

through the cut pipette tip. This research primarily used the Au wire. 

 

 

Figure 15. Photographs of pipette working electrodes. Note the copper wire used as the connector to the 

potentiostat. Also note the copper tape that has been repeatedly folded and inserted into the inner pipette tip 

and is actually wrapped around the Au wire prior to insertion. 
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This pipette tip and exposed electrode is then inserted into the uncut pipette 

ensuring that at least 3 – 4 mm of Au wire is extending out of the end of the uncut pipette 

tip. The tip of the uncut pipette (with Au wire sticking through) is then sealed with a drop 

of epoxy in a fashion that ensures no fluid can leak back into the tip. The copper tape, 

which provides connectivity to the Au wire, is extending out to the side where the top of 

the uncut pipette meet. Paraffin paper is wrapped around this joint to help seal the two 

pipettes together and provide some structural strength to the electrode. There should be 

enough copper tape extending from the pipette (recommended length 3 – 5 cm) to allow 

connection with an alligator clip to the potentiostat. These electrode cells are generally 

fragile and care should be taken during handling. However, one could also put these 

electrodes inside a small plastic box and seal with potting epoxy. The leads could be 

extended outside the box for electrode connections. See Figure 16 for a close up of the 

pipette electrode tip with Au wire extending. The pipette electrodes are ready for 

immediate use in a three electrode standard electrochemical cell. Different methodologies 

of fabricating this type of electrode were investigated to include extending the Au wire 

out of the tip of the micropipette without wrapping in Cu tape initially and sealing with 

epoxy. This method resulted in connectivity problems between the electrode and 

potentiostat. Overall, the above procedure resulted in the most successful electrode 

fabrication exercises. 
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Figure 16. Two pipette electrodes showing extension of gold wire (working electrode). The exposed gold of 

each electrode is approximately 0.5 cm in length. 

 

3.4.2 Two electrode flow system 

The two electrode flow cell fabricated for this research is much simpler. A single 

piece of tubing can be used and the electrode wires (Au and Ag) are threaded through the 

tubing using a sewing needle. Again, care must be exercised such that the Au wire is not 

broken during insertion and threading (pulling through) the tube. The Pt or Ag wire is 

generally more durable and will survive the threading given the fact that it is of a larger 

diameter. Copper tape is attached to the Au wire to provide for a more stable connection 

to the potentiostat. See Figure 17 for a graphic depiction of this type of electrode and 

Figure 17 for a picture of an actual 2 electrode flow cell. 
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Figure 17. A two electrode flow cell. 

 

The arrow running through the piece of tubing displayed in the above diagram is 

the direction of flow through the cell. The distance separating the two electrodes is 

approximately 2.5 to 3.0 cm.  
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Figure 18. Working two electrode flow cell. The copper tape was attached to the gold wire (working 

electrode). An alligator clip is attached to the copper tape and provides the connectivity to the potentiostat. 

The Ag wire is on the right in the figure. The perforations (four (4) total) are sealed after fabrication with 

epoxy. 

 

Additional flow cells of similar designs were investigated. Figure 18 is a picture 

of the more recent two (2) electrode flow cells. In this design the Au wire, approximately 

8-10 mm, is inserted into the one end of the Arc-Plas tee (see Table 5) and a 5-7 cm piece 

of tygon or teflon tubing is carefully fitted over the end of the tee securing the 100 µm Au 

wire inside the tee on one end. Shorter pieces of tygon tubing can be used to secure the 

Au wire at one end of the tee and a laboratory plastic connector can be fitted into that 

tubing to serve as a connection point for other tubing. Paraffin paper is cut to fit and 
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wrapped around the connector to seal that end. This same paraffin paper is used to secure 

and seal the reference electrode in the larger opening once inserted. 

 

 

Figure 19. Three (3) flow cells fabricated with 100 µm Au wire as the WE. 

 

The top larger diameter opening (not clearly visible in Figure 19) will hold the Ag/AgCl 

reference electrodes, which were obtained commercially from CH Instruments, INC.  

The inserted 100 µm Au wire was tightly wound around a length of fine bundled 

wire, which was stripped off a computer connector cable, and the insulation removed. 

This Au wire and computer wire combination is then wrapped around the tee connector, 
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and provides a connection for the potentiostat clip. The wires can be seen in Figure 19 

connecting near the end where the tubing starts. At this point the flow cell should be leak 

checked by closing the larger opening (reference electrode insertion point, empty in 

Figure 19) and the discharge opening (left end of tee in Figure 20 with no tubing in place) 

of the tee prior to any analysis periods. This can be accomplished by inserting a 

hypodermic needle filled with DI water in the suction end, sealing all openings (discharge 

and RE opening) and squeezing a small portion of DI water into the flow cell to check for 

leaks. Repeat after any rewrapping to secure leaks. 

3.4.3 Three electrode flow system 

Three electrode flow cells were fabricated in the laboratory in the following 

manner. A piece of clear laboratory Tygon tubing (reference Table 4.) of approximately 4 

cm in length is first cut in half. The type of laboratory tubing used is important and 

should not contain plasticizers. Plasticizers are additives that increase the flexibility, 

workability or fluidity of the material to which they are added. There are many different 

types plasticizers and phthalate-based plasticizers are very common.
66

 Vinyl tubing is the 

least expensive and probably one of the most commonly used types of tubing in the 

laboratory. It is soft, flexible and transparent. It is fine for use with most aqueous 

solutions, including dilute acids and bases. Care should be exercised when using vinyl 

tubing with higher concentrations of acids used as electrolytes. Vinyl tubing does contain 

plasticizers, which will leach out of the tubing into different organic solvents. Silicon 

tubing is probably the softest and most flexible tubing. Unlike vinyl tubing, there are no 

plasticizers dissolved in the silicon tubing material. The tubing is pure polymerized 
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silicones with nothing to leach out. This makes silicone tubing an excellent choice for use 

with most solvents, particularly when used at room temperature and less than 24 hour 

contact periods. Polyethylene tubing is a "semi-rigid" tubing material. It can handle 

significantly higher pressures than either the vinyl or silicone tubing. Polyethylene tubing 

is probably a good choice for plumbing a low-pressure chromatography system. Teflon® 

tubing is also "semi-rigid". It can handle pressure similar to those of polyethylene tubing. 

It is resistant to any chromatographic solvent and is especially useful when using organic 

solvents. The important message here is that choice of tubing is very important in this 

type of research and that plasticizers can leach into the solution (electrolyte) and possibly 

adhere to the working electrode in such a fashion as to make a portion of the electrode 

surface area unavailable for electrodeposition. Lengths of wire will function as electrodes 

in the three electrode cell. One length is gold wire either 25 or 10 μm in diameter, which 

will be the working electrode. The other length of wire (Pt) will function as the counter 

electrode. The third electrode will be a commercial Ag/AgCl (SSC) electrode or a piece 

of silver wire appropriately conditioned to serve as a reference electrode. Approximately 

5-10 mm of each type of wire should be visible in the tubing. (See Figure 20.) After 

inserting each type of wire into its respective tubing piece, each end is then fitted to a 

branch tee connector see Figure 21 for an example of the connector with tubing fit to 

each end. Care must be exercised when attaching the tubing with wire inserted to the 

connector because the 25 μm gold wire is somewhat fragile. If 10 μm gold wires are 

being used, extreme care must be exercised in order not break the gold wire. At this 

point, where the tubing meets the connector and both ends have been attached to the 
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connector and the length of wires (Au and Pt) have been verified not severed, paraffin 

paper is tightly wrapped around both connection points or epoxy is applied to seal the 

connection. After both pieces of tubing have been carefully fitted to the ends of a branch 

tee connector and sealed in place, the reference electrode Ag/AgCl (See Table 4. for 

manufacturer) is fitted into the top of the branch tee and paraffin paper is wrapped around 

the neck of the connector where it meets the reference electrode in such a fashion that it 

is held securely in place. The tip of the reference electrode is a Vycor type tip and must 

be in contact with the electrolyte as it flows through the cell. Vycor is a glass with high 

temperature and thermal shock resistance, and was made by Corning Incorporated.
67

  

Vycor has been discontinued by Corning. Vycor is 96% silica, but unlike pure fused 

silica it can be readily manufactured in a variety of shapes. Please see Figure 20 for a 

representative drawing of this type of flow cell with connector. The reference electrode 

has been removed from the larger central opening in this figure. 
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Figure 20. Graphic delineates the individual pieces of a fabricated three electrode flow cell. The 

methodology for putting the actual pieces together is not specific. The best procedure is to secure the WE 

i.e. Au wire first then the CE and finally installing the RE. Connectivity with the WE should be verified 

with a CV run prior to any analysis. 

 

The conductive copper tape was firmly attached to the Au wire to provide for a 

more stable connection to the potentiostat. Figure 21 is an actual three electrode flow cell 

as seen during fabrication. 
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Figure 21. Photograph of a three electrode flow cell under construction. 

 

Figure 22 displays a branch tee connector with two pieces of tubing attached on each end. 

The gold wire serving as the working electrode is on the left and the Pt wire serving as 

the counter electrode is on the right. Copper tape is attached to each end of micro-wire to 

provide connectivity to potentiostat leads. The SSC reference electrode is fitted into the 

central opening. Epoxy or paraffin tape is used to seal the connection between the branch 

tee and each piece of tubing. 
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Figure 22. An additional Branch tee connector with two pieces of tubing attached. Again, the working 

electrode is on the left and the reference electrode is on the right. Flow will be from the left, i.e. flowing 

over the working electrode first. 

 

The above discussion delineates the fabrication with some examples of the flow 

cells used in this research. Many flow cells were fabricated and used throughout the long 

experimental period with varying degrees of success. Some flow cells did not initially 

work at all because they were poorly sealed and additional work on that cell was 

discontinued because this design is rather simple and it is much easier to start over when 

fabricating these cells than to try and seal a leaky cell. It should be noted that each 

working electrode wire diameter, 100, 50 or 25 µm Au wire seals differently. 100 µm 
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leaves a larger opening when the tubing is inserted over the end of the tee and will 

require more turns of paraffin paper around the end than the other two diameters of Au 

wire. 

3.4.4 Enhancement of Mass Transfer  

Mass transfer can happen under different conditions that include static conditions, 

flow conditions and vibration. Flow and vibration can enhance MT. During the Mn 

experiment, section 4.5.4, a small vibrating motor (Radio Shack item number 273-0107, 

no-load speed 16,000RPM ±15%, 3VDC, 95mA max) was attached to the bottom of the 

flow cell at the entrance of the fluid to the cell. This was accomplished to aid in the 

removal of any hydrogen bubbles formed on the working electrode at deposition 

potentials more negative than -0.80 V vs. SSC.  
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4. RESULTS AND DISCUSSION 

The primary focus of this research is the development of a flow cell for trace 

detection of arsenic from aqueous samples. This work was motivated by the incredible 

geogenic arsenic groundwater contamination used as a source of drinking water by 

people in many countries. Detection and measurement should be the primary focus in 

mitigating the groundwater arsenic contamination problem. One must, therefore, be able 

to measure inorganic arsenic at the µg/L (ppb) levels with good repeatability and cost 

effectiveness to help solve this worldwide problem. A deployable, robust analytical field 

system is one possible answer to this problem. In this section, we describe commercially 

available electrodes used for batch arsenic measurement and our own development in 

batch and flow systems with micro gold wire as the working electrode.  

4.1 Stripping voltammetry with Nano-Band electrode  

The TraceDetect Nano-Band Explorer electrode is “a patented and optimally 

designed to allow extremely rapid & sensitive measurements of trace metals. The Nano-

Band™ electrode consists of 100 sub-electrodes each with a surface area that is less than 

two square microns. Using advanced fabrication technology to produce our micro-

electrode array, our electrodes exhibit superior mass transport and extremely small 

surface area. This combination ensures quick and sensitive measurements of trace metals 
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and measures mg/L levels instantly, μg/L levels in seconds, and ng/L levels in minutes.” 

68
 The following experiments were conducted to test this system and determine if it might 

be a candidate for possible field deployment for trace analysis of arsenic.  This 

potentiostat with accompanying electrodes and software proved to be versatile in the 

laboratory but did not function as well as expected when taken to Bangladesh and used to 

analyze real tube well water samples from nearby villages. It should be noted here that 

trace arsenic analysis with this system is dependent on a fresh layer of gold being 

deposited on the working electrode with each batch run. This might not be feasible when 

deploying to the field because reagent preparation and logistics of the site might not 

support a laboratory bench setting. A solid gold wire electrode, which requires no 

separate gold deposition, is much more acceptable when in the field. 

ASV is a voltammetric method for quantitative determination of specific ionic 

species. The analyte of interest is electroplated onto the working electrode during a 

deposition step, and then oxidized from the electrode during the stripping step. The 

current is measured during the stripping step. The oxidation of the species is registered as 

a peak in the current signal at the potential at which the species begins to be oxidized. 

The stripping step can be either linear, staircase, squarewave, or pulse. The below set of 

ASV runs delineates an initial experimental test of the TraceDetect Nano Band electrode 

by generating two sets of calibration curves with known As(III) concentrations. Figure 23 

shows the typical ASV of As(III) in water. The standard calibration curve is shown in 

Figure 24 and the data is summarized in Tables 5 and 6. It is noted that the calibration 

curve had an x intercept of 3.2 ± 7.7 μg/L As(III), which was essentially zero. The 
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method detection limit was calculated to be 6.7 μg/L
 
and was calculated at three (3) times 

the standard deviation (s) divided by the slope (m) of the line fitted to the data. The lower 

limit is determined by the trace arsenic impurities in the reagents. The results indicate 

that the electrode and overall system is certainly capable of trace arsenic in the range 7-

100 µg/L As(III) under laboratory environment and in DI water spiked with the analyte. 

This is, however, not a representation of the field water samples containing a host of 

interfering ions.  

 

 

Figure 23. A typical signal with 50.0 μg/L As(III) with NanoBand electrode. The raw data were smoothed 

and background subtracted. A linear scan from -400 to 700 mV without deposition is regarded as the 

background. 
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Figure 24. Calibration curve for As(III). Standard addition regression parameters: Intercept: 3.17 ± 7.70 

μA, n =11, R
2
 = 0.9873. The DL was 6.7 ± 2.3. μg/L and LQ was 22.2 ± 3.4 μg/L. All solutions were 0.14 

M HCl. 

 

Table 5. Data for Calibration Curve 

Cal. Curve 

Conc. 

(μg-L
-1

) 

Current 

 

(μA) 

Sensitivity 

 

μA/( μg-L
-1

) 

Cal. Curve 

Conc. 

(μg-L
-1

) 

Current 

 

(μA) 

Sensitivity 

 

μA/( μg-L
-1

) 

5.0 21.2 0.423 59.6 224.3 0.376 

10.0 31.5 0.316 69.5 232.8 0.335 

20.0 74.8 0.375 79.4 301.6 0.380 

30.0 103.3 0.346 89.0 287.1 0.322 

40.0 143.7 0.361 99.0 350.4 0.354 

50.0 175.0 0.352    

 

y = (3.47 ± 0.13)x + 3.17 ± 7.70 

n = 11, R² = 0.9873 
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4.1.1 Effect of mineral acids on stripping voltammetry of arsenic 

As noted in the literature survey, HCl is the preferred acid for ASV of arsenic on 

an Au-electrode. The reason for this is that hydrochloric acid affords the highest detection 

sensitivity
40

 and according to Arnold and Johnson
69

 the Cl
-
 ion might act as an ionic 

bridge between the working electrode and the arsenious ions facilitating reduction. The 

use of H2SO4 and H3PO4 in the field may cause sulfate and phosphate precipitation of 

some transition metals (e.g., Fe (III)), while nitric acid may oxidize As(III) to As(V), 

which is not electrochemically active in the working potential range. Here we studied the 

acids HCl, H2SO4, HNO3, and H3PO4 to determine the appropriate acid to use as an 

electrolyte through a series of calibration experiments in the absence of interference and 

within the useful electrochemical window. The same series of known As(III) 

concentrations were analyzed using ASV with 0.14 M for each acid concentration. 

 

Table 6. Concentration calibration summary for multi-acid anodic stripping voltammetry experiment for 

As(III) concentrations of 5 – 100 μg-L
-1

.  

Acid Slope  (nA/µg-L-1) x (int.) µg/L y (int.) nA Calculated 

detection limits 

(DL) µg/L 

Average sensitivity  

nA/µg-L-1 s  

(See Note) 

Hydrochloric 

(HCl) 

1.43 4.83 6.92 5.87 0.18 

Sulfuric (H2SO4) 0.27 40.77 10.82 5.44 0.08 

Nitric (HNO3) 0.15 130.88 19.46 13.40 0.10 

Phosphoric 

(H3PO4) 

0.66 32.40 21.41 5.91 0.17 

Note: Average sensitivity is normalized to the deposition time to account for its effect on the total current. 
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Inspection of the data shows that for concentrations between 50 and 90 μg/L 

inclusive for all four (4) acids, the standard deviations and sensitivities (nA/( μg/L-s)) 

were less than or equal to seven (7) pA (not shown). This might be a characteristic of this 

type of button electrode. The HCl acid run resulted in the best curve fit for the data. 

Hydrochloric acid produced the most sensitive and repeatable results for future 

electrochemical experiments. Acid selection in electrochemistry is important particularly 

when designing systems to be used in the field. Handling high concentrations of strong 

acids can be dangerous and should be mitigated when at all possible. H3PO4 is the 

weakest acid tested, the results for this acid were marginal and the data reported a high 

relative standard deviation. The x-intercept in Table 6 indicates the background 

concentrations of As(III) in solution. It shows that HCl has the lowest background level 

of As(III) and the highest sensitivity. Overall, the two best acids were HCl and H3PO4, 

but the best was HCl. See appendix section 6.4 for the multi-acid calibration curves. 

 

4.2 Gold electrode preparation for Anodic Stripping Voltammetry of 
As(III) 

Preparation of electrochemically clean surfaces is of critical importance when 

conducting ASV of As(III) using a gold electrode. A recent work, Giacomino
70

, 

described the procedures necessary to conduct ASV using an Au button electrode. This 

research adapted their activation procedure to the Au wire pipette electrode to validate 

the cleaning procedure. The same procedure with some modifications therefore can be 
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used for the activation of the Au wire electrode in the flow cells. The procedure involved 

polishing the gold button electrode in 0.3 mm alumina slurry in high purity water for one 

(1) min. followed by immersion in water and ethanol alternatively three times. The 

electrochemical activation procedure involves cyclic voltammetry (CV) in a nitrogen 

deaerated solution of 0.5 M H2SO4 as previously discussed. H2SO4 was chosen because 

the sulfate anion is not easily oxidizable, like the chloride anion in HCl. To check the 

electrode for its robustness CV was performed with a known ferricyanide (K3Fe(CN)6) 

quasireversible system pumped through the flow cell. A typical CV is shown in Figure 

25. They show equal peak currents but peak potential difference larger than 59 mV- a 

sign of quasireversibility. 

 

 

Figure 25. CV from a three electrode flow cell in 3.03 mM K3Fe(CN)6 in 0.2 M KCl. Actual number of 

segments ran was 4 but only the first two forward and reverse are displayed.   

 

Similarly, ten CVs in 0.5 M sulfuric acid were conducted between 0.0 and +1.50V 

with a scan rate of 100 mVs
-1

 and are shown in Figure 26. This procedure was conducted 

at the beginning of each day and half way through the day’s experiments. Additionally, 
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the electrode was stored in 0.1 M NaOH overnight and when not in use as proposed by 

the reference. The reason for storage of the electrode in strongly alkaline solution is not 

entirely clear. This procedure increased the As(III) stripping signal/background ratio by 

decreasing the background as shown in Figure 27 left and right panels, respectively. To 

check if the conditioning procedure can reproduce a signal from a 25 µg/L As(III) 

solution in 3 M HCl, 100 ASVs were run in the repetitive mode using the CH Instruments 

1220 potentiostat. The results are shown in Figure 28. At approximately run 42 the stirrer 

stopped and the experiment continued until the 100
th

 run was complete. Both sets show 

good reproducibility (8.8% and 12.0% RSDs). The stirred stripping peak is about three 

times larger than the unstirred peak. This activation procedure was used for most 

experiments. Figure 29 is a plot of peak current vs. time with average current values and 

%RSD displayed under each grouping of data. 
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Figure 26. 10 preconditioning CVs as per Giacomino in 0.5 M H2SO4. Note the increasing oxidation peaks 

1.25 V and the corresponding reduction peak on the reverse scan at approx. 0.91 V. The small shoulder 

peak at 0.75 V is believed to be a metastable cluster Au atoms as reported by Burke
75

. 

 

  

Figure 27. LSSV runs of a 540 µg/L As(III) in 2.0 M HCl before (left, td = 300 s) and after (right td = 60 s) 

preconditioning and storage of electrode as per Giacomino. The peak current after conditioning is 

approximately 2 µA and that of the unconditioned run 0.04 µA.  
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Figure 28. 100 LSSV runs of a 25 µg/L As(III) solution in 3 M HCl. 

 

Figure 28 graphically delineates the linear scans as two separate and distinct 

groupings. Figure 29 plots the resulting peak currents (ip) vs. time. The experiment ran to 

completion in approximately 2.5 hrs using the scripting capability in the CH 1220 

Electrochemical Analyzer. The 100µm Au wire was fabricated into a pipette electrode, 

examples of which are shown in section 3.4.1. These results were very good and the 

research involving flow cells follows. Examples of flow cell construction are in section 

3.4.3. 
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Figure 29. Peak currents of the 100 LSSVs. The results are indicative of the repeatability of a 100 µm Au 

wire as the working electrode. 

 

4.2.1 Voltammetric Characterization of Au electrode for arsenic analysis 

The surface of the Au electrode is of paramount importance in stripping analysis. 

Table 7 is a table of aqueous Au reactions provided here for reference. Giacomino et al.
70

 

describe a procedure for preparing an Au electrode for arsenic analysis. Their focus was 

to study the efficiency of As(III) determination by ASV using a lateral Au electrode and 

to study the modifications to the surface of the gold electrode. They employed DPASV 

and SWASV in their investigations. Their reported best responses were achieved using 

DPASV in 0.25 M HCl as their supporting electrolyte, -0.30 V deposition potential and a 

deposition time of 80 seconds.  
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Table 7. Some redox reactions of gold species of concern in this research. 

Reactions  E
0
 in Aqueous 

solutions at 25
o
 C 

in V vs. NHE 

Comments 

 

1.   Au2O3  + 6H
+
 + 6e

-
 ↔ 2Au

0
 + 

3H2O 

2.   AuCl4 + 3e
-
↔ Au + 4 Cl

- 

3.   2Au + 3H2O ↔ Au2O3  + 6H
+
 +6e

-
 

4.   Au
2+

 + e
-
 ↔ Au

+
 

5.   Au + e
-
 ↔ Au 

6.   AuOH2
+
 + H

+
 +2e

-
 ↔ Au + H2O 

7.   Au
3+ 

+ 2e
-
 ↔ Au+ 

8.   Au(OH)3 + 3H
+
 + 3e

-
 ↔ Au + 

3H2O 

9.   Au
3+

 + 3e
-
 ↔ Au 

 

 

 

0.90
21 

1.002
71

 

1.20
21

 

1.32
22 

1.401
22

 

1.45
22 

1.498
22 

 

1.692
22

 

1.8
22

 

 

 

 

Giacomino et 

al. 

 

 

Giacomino et 

al. 

 

The electrode preparation functions as an activation of the electrode and a 

maintenance procedure as reported by the authors. Their protocol starts with alternative 

washings of the electrode in water and ethanol. Additionally, they report that their 

electrodes are stored in 0.1 M NaOH when not in use and overnight. Clearly, the Au-

surface is heavily oxidized and the NaOH provides a surface covered with a layer of 

hydroxides (loose OH
-
 ions) that completely or partially replace the hydration layer. The 

ethanol removes this layer of hydroxides and the water removes the ethanol. Figure 30 is 

important in this investigation of the surface of a gold electrode used for trace arsenic 

detection. These figures are described by Giacomino as indicative of the Au electrode 

surface at different stages during analysis. In addition to the NaOH procedure, the 

electrode activation which entailed the application of a positive potential ramp from 0.0 – 
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1.5 V at scan rate 100 mV/s oxidizing the Au surface forming gold Au2O3 and the return 

scan in the negative direction to 0.0 V reducing the gold oxide to a gold surface. This was 

accomplished using CV in 0.5 M H2SO4. This concentration of sulfuric acid is used by 

different researchers in their electrode activation procedure. 

 

 

Figure 30. CVs (Giacomino et al.) with Au electrode. (a) clean surface, with the peak at approx. 1.2 V 

being Au2O3 formed during the preconditioning forward scan to 1.5 V, and the peak 0.95 V on the reverse 

scan attributed to the reduction of Au2O3 to Au, (b) surface with multi-layered oxides, Burke and Moran 
72

 

suggest these peaks are caused by the formation of multilayers of oxides in which gold can exist in 

different oxidation states (Au0/AuI/AuIII), (c) growth of an oxide layer, (d) covered with a passivating 

layer. 

 

Considerable additional work has been done to determine the proper cleaning and 

conditioning procedures to be employed prior to any analysis involving anodic stripping 



90 

voltammetry. Walsh et al.
73

 report their cleaning procedure by hydrogen generation in 0.5 

M H2SO4 at -3.0 V (15 s) while vibrating the electrode when the electrode is new or is 

suspected of fouling. Inspection of the symmetry and height of the gold oxide monolayer 

generated during cyclic voltammetry from 0.0 to 1.5 V (100 mVs
-1

) were used to monitor 

the condition of the electrode. Other groups, specifically, Salaun et al.
74,

 
75,

 
76

 and Walsh 

et al.
77

 have employed similar methodologies in preparing Au electrodes. 

General conclusions from these studies include the primary supporting electrolyte 

was hydrochloric acid. One of the reasons that HCl was used was the fast gold oxide 

surface reaction with the H
+
 (from HCl) to become the neutral protonated gold surface

21
.  

 

Double-layer model for protonation and 
deprotonation on a gold surface

AuAuAu

O
HH + O

.. .... -

H2O Cl-
Cl-

H2O

H

OH-

Cl-
H+

OH-

H+

Inner Helmhotz layer

Outer Helmhotz layer

Diffuse layer and bulk electrolyte 

H+H+

Cl-

Gold oxide layer

Polycrystalline gold surface

 

Figure 31. A simple schematic model of the double layer near the gold surface of the electrode delineating 

the protonation and deprotonation of the gold oxide. 
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A schematic model for the protonation and deprotonation of gold oxide surface is 

shown in Figure 31. The model is based on the diffuse electrical double layer present on a 

metal surface. Here, we assume that the polycrystalline gold surface has an oxide layer. 

The zero point charge (potential at which the surface is neutral) of this surface is shown 

in the middle with a neutral oxygen with an H
+
 attached to it. This site could be 

protonated in presence of acid (low pH) and deprotonated in presence of base. These 

reactions are happening in the inner Helmholtz layer and effectively maintain the surface 

charge in this layer. One would expect a protonated surface to attract a negatively 

charged species and deprotonated surface to attract the positively charged species. This is 

happening in the outer Helmholtz layer. There is a significant potential gradient in these 

two layers, which becomes zero in the diffuse layer. Since all our experiments were run 

in very acidic HCl (pH < 2), we expect all inorganic arsenic species (H2AsO4
-
, HAsO4

2-
, 

AsO4
3-

, and H3AsO3) to remain in their neutral forms (H3AsO4 and H3AsO3 ) while the 

gold surface is protonated and highly positively charged. The neutral arsenic species can 

freely move inside the inner Helmholtz layer and electron transfer could take place on the 

polycrystalline Au surface at the thermodynamic reduction potential. A thinner AuxOy 

surface could have less impedance for the arsenic redox reactions. This is also observed 

in experiments where repeated conditioning of the gold electrode increased oxide layer 

thickness and the width of the stripping peak as a result. In HCl media, the adjacent 

protonated surface oxides could be bridged with Cl
-
 and reduce the effective positive 

charge of the inner Helmholtz-layer. This could enhance electron transfer for the redox 

reaction. The protonated surface is also conducive for the formation of Au
0  

from oxide 
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by reduction reaction while the oxide reformation through oxidation is not favorable. 

This is observed from CV experiments where the reduction charge is greater than the 

oxidation charge. It is not, however, clear why many in the literature preserved the 

electrode in 0.1 M NaOH, where the surface oxides are negatively charged with no 

apparent benefit. 

General agreement is found in the literature for this mineral acid specifically in 

Giacomino, Walsh
28

, and Salaun
26,27

. Acid concentration employed in this work was 2 – 3 

M HCl. This concentration range was chosen to ensure that the reduction of the As(III) 

cations on the Au surface would be more complete and with a greater concentration of 

chloride ion to facilitate the electron tunneling and subsequent formation of the Au(As) 

amalgam. Others employed concentrations less than 1 M, Salaun et al.
14

 reported 0.01 M 

HCl as their supporting electrolyte for the detection of mercury and copper in seawater 

using an Au microwire electrode. In this research we were not able to successfully 

employ the Salaun procedures for the trace detection of arsenic using an Au microwire 

and 0.01 M HCl. Giacomino et al.
21

 employed a 0.25 M HCl concentration in their 

arsenic analysis. Other concentrations and mixtures (0.25 M H2SO4/0.25 M HCl) of 

supporting electrolytes were tested. They report the narrowest peaks for As(III) were 

obtained with HCl concentrations less than 1 M. The literature reports a variety of 

deposition times with success in arsenic trace analysis, those varied from 15 sec to 

multiple minutes. 
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4.3 Nature and characterization of the Au electrode in a flow cell 

 

 

Figure 32. Three (3) flow cells fabricated with 100 µm Au wire as the WE. 

 

Our electrode design is different from most other reported in the literature. The 

goal was to design a simple flow cell that can be fabricated in the field if necessary. All 

flow cells must be tested for connectivity. Flow cell I (top-most in Figure 32.) was 

checked for connectivity in 0.5 M H2SO4. This concentration of sulfuric acid is a 

literature reference for preconditioning and activation of an Au electrode as previously 

stated in Giacomino et al
21

, Salaun et al
15

, and Walsh et al
24

. Additionally, this 

methodology was used to check the electrode surface during analytical runs as previously 

cited in the Giacomino reference. Figure 33 depicts the cyclic voltammograms for the 

sample flow cell depicted above to verify connectivity from within the cell to the 

potentiostat. The electrode was then cleaned in 0.5 M H2SO4 by scanning from 0 -1.5 V 

with a preconditioning (cleaning) step of -2.4 V for 15 sec. Figure 34 shows a 
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voltammogram after cleaning. The literature (previously cited references) reports this 

procedure and parameters as a successful methodology for the electrochemical activation 

and monitoring of the Au surface. The area of the gold oxide reduction peak was used to 

calculate the actual surface area of the electrode. The roughness factor fr  can be 

calculated by using the formula fr =  Ar / Ag where Ar real (true, actual) surface area and 

Ag is the geometric surface area. Flow cell I has an electrode length of 11 mm. Therefore, 

Ag equals 0.035 cm
2
.  

  

 

Figure 33. CVs of flow cell I in 0.5 M H2SO4 from 0 – 1.5 V, 100 mV/s.  Scan parameters are depicted to 

the right of the voltammogram. Run 1 total charge (area of the reduction peak at approximately 0.75 V) 

3.869 µC, Run 2 3.921 µC. 
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Figure 34. CV of flow cell I with preconditioning step (cleaning run) of -2.4 V for 15 sec. Total charge – 

4.875 µC. 

 

Assuming a gold monolayer capacity of  450 µC/cm
2
 (previously cited literature 

references), the Ar can be estimated at 4.875 µC/450 µC/cm
2
, which equals 0.012 cm

2
. 

Therefore, fr = Ar / Ag = 0.012/0.035 = 0.342. This roughness factor is considerably lower 

than literature values
78

. The typical roughness factors for polished electrodes are 2-3. 

Conditioning of the electrode prior to analytical runs is of the utmost importance. 

CVs in 0.5 M H2SO4 were performed prior to all analytical runs to verify and check 

electrode condition. Figure 35 is a composite of 5 CVs performed just after the electrode 

cleaning methodology described above. The reduction curve(s) at approximately 0.8 V 

are indicative of Au wire surface and are consistent in their surface characteristics and 

prepared for arsenic detection. 
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4.3.1 Peak analysis of electrode surface reaction 

Peak identification in the CVs is of critical importance and there has been 

significant related work in this area. Burke et al
79

 in their work in aqueous media report 

the metastable (non-equilibrium) states of metals are well understood in metallurgy but 

not that well understood in surface electrochemistry. Their work was extensive in the 

cyclic voltammetry of gold surfaces in basic solutions with some CV studies in acid 

solutions. There is a more extensive work by Burke et al
80

 in acid media, which will be 

addressed later. They report that a metastable metal is one that has a higher chemical 

potential or molar free energy. This is due to a deformation of the metal surface because 

the metal was worked at temperatures below the melting point of the metal. In some of 

their previous work
81

, these metal surfaces contain surface atoms that might be super 

active metal atoms as adatoms or potentially mobile ledge and kink atoms. Ledge and 

kink atoms refer to the thermodynamics of the crystal and individual atom locations in 

the lattice, their energy is linked to where they are in the lattice and to how they are 

bonded to other atoms in the crystal. They report CV peaks on the anodic (forward) scan 

at 0.50 V and 0.70 V vs. reversible hydrogen electrode in 1.0 mol/dm
3
 H2SO4 at 25

o 
C.  

The composite CV in Figure 35 delineates peaks at approximately 0.36 V, 0.80 V 

and 1.35 V on the forward scan. These are most likely the oxidation of the Au surface to 

Au2O3. The very prominent peak on the reverse scan at 0.80 V is the reduction of Au2O3 

to Au(0). The peak at 0.36 V is possibly related to those identified in the previously 

discussed Burke et al. research, in that they might be metastable atoms in a loose surface 
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configuration. This peak is noted on other CVs in this work and can shift to more 

negative potentials, manifesting itself at potentials of 0.25 V or less.  

 

 

Figure 35. Five (5) CVs of flow cell I in 0.5 M H2SO4. Parameters as displayed to the right of the 

voltammograms. Average total charge 4.952 ± 0.143 µC. 

 

Table 8 is a summary of detected peaks with comments. The expected oxidation 

and reduction peaks during preconditioning are approximately 1.2 – 1.3 V and 0.8 – 0.9 

V vs. SSC respectively. Additional peaks at 0.40 - 0.45 V vs. SSC are suspected of 

having their origin as delineated by Burke et al.  
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Table 8. Electrochemistry of acid, base and aqueous media. 

Peak potential,  

V vs. NHE 

(a- anodic, c-

cathodic) 

Process Peak type  

(Weak, broad, strong, 

symmetric...) 

Reference and comments 

0.40 (a) 2Au + (n+3)H2O 

→Au2O3·nH2O + 6H
+
 + 6e

-
 

Multiple peak shapes, 

can manifest as small 

minimums or as a very 

broad peaks. 

Burke et al
75

 in acid 

media. Evident in CV 

analysis in this work. 

1.2 – 1.3 (a) 2Au + 3H2O ↔ Au2O3  + 

6H
+
 + 6e

-
 

Generally, smaller broad 

peaks 

CV analysis in this work 

and that of Giacomino
21 

0.8 – 0.9(c) Au2O3  + 6H
+
 + 6e

-
 ↔ 

2Au
0
 + 3H2O  

0.5 and 1.0 M H2SO4 

Strong, symmetric, 

surface process 

CV analysis in this work 

and that of Giacomino
21 

0.45 (c) AuaOb → Au
0
 + *AucOd Large peak Passivated electrode, CV 

analysis in this work 

 

The next set of graphics delineates a series of four figures that describe in general 

terms the lifetime of the surface of an Au wire (100 µm) electrode from fabrication 
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through preconditioning, cleaning and arsenic analysis employed in this research. As seen 

in Figure 36 the gold wire electrode has a well formed oxide surface as evident by the 

large peak at 1.244 V SSC (1.441 V NHE).  

 

 

Figure 36. Typical 1
st
 CV of the day or after fabrication.  

1. Peak at 1.244 V SSC (1.441 V NHE) - 2Au + 3H2O ↔ Au2O3  + 6H
+
 + 6e

-
 Burke

75
, Giacomino

21
 
 
 

2. Peak at 1.370 V SSC (1.567 V NHE) - xAu* + yH2O ↔ AuxO3y  + 2yH
+
 + 2ye

- 
 Au* - metastable cluster 

Burke
75

  

3. Peak at 0.845 V SSC (1.042 V NHE) - Au2O3  + 6H
+
 + 6e

-
 ↔ 2Au

0
 + 3H2O Burke

75 
  

4. Peak at 0.653 V SSC (0.850 V NHE) - Aua 
*
Ob → Au

0
 + Auc 

*
Od Burke

75
 

 

This oxide layer formation is well established in the literature Burke
74,75

, 

Giacomino
21

. Preconditioning/cleaning runs, Figures 37 and 38 respectively, are meant to 

prepare the electrode for arsenic analysis through electrochemical surface cleaning of the 

Au wire. The preconditioning step was generally run 10 times at the beginning of the 

laboratory period and whenever it was believed that the electrode had become passivated. 

1. 

2. 

3. 

4.  
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Figure 38 shows a large oxidation peak, which is three (3) times as large as the 

corresponding reduction peak. This might be attributable to Au atoms with lower lattice 

stabilization energies and consequently higher energies are required for oxide formation.  

 

 

Figure 37. Preconditioning run.  

1. Peak at 0.294 V SSC (0.491 V NHE) - xAu* + yH2O ↔ AuxO3y  + 2yH
+
 + 2ye

- 
 Au* - metastable cluster 

Burke
75

  

2. Small peak at 1.16 V SSC (1.357 V NHE) - 2Au + 3H2O ↔ Au2O3  + 6H
+
 + 6e

-
 Burke

75
, Giacomino

21
  

3. Peak at 1.428 V SSC (1.625 V NHE) – possible 2Au + 3H2O ↔ Au2O3  + 6H
+
 + 6e

-
 Burke

75
 or the onset 

of 2O
-
 → O2 oxygen generation  

4. Peak at 0.845 V SSC (1.042 V NHE) - Au2O3  + 6H
+
 + 6e

-
 ↔ 2Au

0
 + 3H2O Burke

75
, Giacomino

21
 

 

1. 

2. 

3. 

4. 
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Figure 38. Cleaning run i.e. preconditioning run with an additional step of -2.4 V for 15 sec. 

1. Peak at 0.246 V SSC (0.443 NHE) - xAu* + yH2O ↔ AuxO3y  + 2yH
+
 + 2ye

- 
 Au* - metastable cluster 

Burke
7
  

2. Peak at 1.175 V SSC (1.372 NHE) - 2Au + 3H2O ↔ Au2O3  + 6H
+
 + 6e

-
 Burke

75
, Giacomino

21
  

3. Peak at 0.812 V SSC (1.009 NHE) - Au2O3  + 6H
+
 + 6e

-
 ↔ 2Au

0
 + 3H2O Burke

75
 

 

The 10 cycle preconditioning procedure is normally only accomplished once daily 

at the beginning of the day. The potential (-2.4 V vs. SSC) was chosen as an alternative to 

the literature-cited potential of -3.0 V and is a limitation of the CH Instruments 1200B 

potentiostat. Figure 39 is an example of an Au wire electrode that has become passivated 

and is generally unresponsive. Passivation could occur either by progressive deterioration 

of the Au-surface to a porous oxide layer or the Au surface has become electrically 

isolated. The cause of this isolation could be the formation of a layer of non metallic 

arsenic covering the entire eletrode and preventing electron transfer for the oxidation 

process. Figure 40 is an example of an electrode that has different layers of gold oxide 

1. 

2. 

3. 
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formation with each CV run, each peak potential is shifting to the right slightly and these 

peaks are probably metastable clusters of Au atoms oxidizing at slightly different 

potentials. 

Table 9 lists the peaks identified in the set of four (4) figures (35-38). These peaks 

were prominent throughout this research. 

 

 
Figure 39. Last CV (0.5 M H2SO4) of the day after significant As(III) analysis. 

1. Minimal peaks - electrode is passivated, one peak at 0.55 SSC (0.75 NHE) - Aua 
*
Ob → Au

0
 + Auc 

*
Od 

Burke
75

 

  

1. 



103 

 

 

Figure 40. CVs in 0.5 M H2SO4, this type of voltammogram is indicative of an Au surface that has 

significant oxide layers, possibly differing oxidation states of Au. The potential shifts at 1.3 V and that of 

0.6 V are believed to be metastable grouping of Au atoms or Au of higher energies and therefore forming 

oxides at higher potentials.  

1. Peak at 0.356 V SSC (0.553 NHE) - xAu* + yH2O ↔ AuxO3y  + 2yH
+
 + 2ye

- 
 Au* - metastable cluster 

Burke
7
  

2. Peak at 1.25 V SSC (1.45 NHE) - 2Au + 3H2O ↔ Au2O3  + 6H
+
 + 6e

-
 Burke

75
, Giacomino

21
  

3. Peak at 0.85 V SSC (1.05 NHE) - Au2O3  + 6H
+
 + 6e

-
 ↔ 2Au

0
 + 3H2O Burke

75 

4. Peak at 0.590 V SSC (0.787 V NHE) - Aua 
*
Ob → Au

0
 + Auc 

*
Od Burke

75
 

 

  

1. 

2. 

3. 4. 
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Table 9. Peak potentials and proposed processes in this research. 

Peak potential, V vs. 

NHE 

(a- anodic, c-cathodic) 

Process Peak type  

(Weak, broad, strong, 

symmetric...) 

Reference and comments 

1.441 (a ) Fig.34 2Au + 3H2O ↔ Au2O3  + 

6H
+
 + 6e

- 

Broad oxidation peak Burke et al
75

 in acid 

media. Evident in CV 

analysis in this work. 

1.567 (a) Fig.34 xAu* + yH2O ↔ AuxO3y  

+ 2yH
+
 + 2ye

- 
 Au* 

Generally, smaller 

broad peaks of 

metastable clusters of 

Au atoms oxidizing 

Burke et al
75

 in acid 

media. Evident in CV 

analysis in this work. 

1.042 (c) Fig.34 Au2O3  + 6H
+
 + 6e

-
 ↔ 

2Au
0
 + 3H2O 

Strong, symmetric, 

surface reduction 

process, Au reduction 

CV analysis in this work, 

Giacomino
21

 and Burke 

et al. 

0.850 (c) Fig.34 Aua 
*
Ob → Au

0
 + Auc 

*
Od Metastable surface 

reduction 

Burke et al 

0.491 (a) Fig.35 xAu* + yH2O ↔ AuxO3y  

+ 2yH
+
 + 2ye

- 
 Au* 

Metastable cluster Burke
75

 

1.357 (a) Fig.35 2Au + 3H2O ↔ Au2O3  + Small peak at the Burke
75

, Giacomibo
21 
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6H
+
 + 6e

-
 normally associated 

potential of oxidation 

of the Au surface 

1.625 (a) Fig.35 possible 2Au + 3H2O ↔ 

Au2O3  + 6H
+
 + 6e

-
 

Larger peak than seen 

at 1.3-1.4 V possible 

onset of O2 generation 

Burke
75

, Giacomibo
21

 

0.443 (a) Fig. 36 xAu* + yH2O ↔ AuxO3y  

+ 2yH
+
 + 2ye

- 
 Au* 

Metastable cluster Burke
75

 

1.372 (a) Fig.36 2Au + 3H2O ↔ Au2O3  + 

6H
+
 + 6e

-
 

Strong, symmetric, 

surface reduction 

process, Au reduction 

Burke
75

, Giacomibo
21

 

1.009 (c) Fig.36 Au2O3  + 6H
+
 + 6e

-
 ↔ 

2Au
0
 + 3H2O 

Prominent Reduction 

of gold oxide 

Burke
75

, Giacomibo
21

 

0.590 (c) Fig.37 Aua 
*
Ob → Au

0
 + Auc 

*
Od Possible reduction of a 

gold oxide 

Burke
74,75

 

 

4.3.2 CV analysis of electrode surface 

Analysis and understanding of the Au surface is of paramount importance in the 

anodic stripping voltammetry of species undergoing redox reactions. In particular, those 

reactions where inner-sphere electron transfer for direct deposition on the metal is 



106 

involved. Deposition of As(III) - aqua complex to As(0) is such a case. One could 

envision that a clean and pristine Au-electrode surface is the key to the success of As(III) 

deposition - stripping cycles to obtain strong oxidation signals. 

4.3.2.1 Characteristics of a poorly cleaned electrode 

The CVs in Figure 42 are an example of an electrode surface (50 µm Au wire) 

that is inconsistent in its surface characteristics. This is evidenced by the increase in 

oxidation and reduction charge area coverage’s through the displayed CV scans in 0.5 M 

H2SO4 from 0.0 – 1.5 V at 100mV/s. Giacomino
21

 (as previously cited) employed this 

procedure for conditioning and cleaning the electrode surface. A graphic from their work 

(Figure 30) is provided here for ease of reference. See Figure 41 below. 

 

  



107 

 

Figure 41. Giacomino et al, CVs describing the Au surface. (a) clean surface, with the peak at 

approximately 1.2 V being Au2O3 formed during the preconditioning forward scan to 1.5 V, and the peak 

0.95 V on the reverse scan attributed to the reduction of Au2O3 to Au, (b) surface with multi-layered 

oxides, Burke and Moran 
82

 suggest these peaks are caused by the formation of multilayers of oxides in 

which gold can exist in different oxidation states (Au0/AuI/AuIII), (c) growth of an oxide layer, and (d) 

covered with a passivating layer. 
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Figure 42. CV scans of inconsistent Au electrode surface. These inconsistencies might be attributable to 

clusters of Au atoms at different oxidation states, Au
0
/Au

I
/Au

III 
oxidizing at slightly different energy levels. 

See Table 9 for approximate peak potentials and proposed processes.  

 

Figure 43 is a plot of the total charge for each CV scan depicted in Figure 42. The 

oxidation of the Au surface increased with each CV scan. The corresponding reduction 

also increased with each scan but not to the same magnitude as evidenced in the 

oxidation runs. This electrode surface was not optimal for anodic stripping voltammetry 

and was probably populated with multiple Au clusters of atoms with different oxidation 

states as reported in the work of Burke et al. Additional examples of CVs that show a 

passivated Au surface or one with multiple oxide formations are delineated in later 

sections.  

 

1. 

2. 

3. 

4. 
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Figure 43. Oxidation and reduction total charge as measured from the peak areas either manually or 

automatically by the CH Instruments software. See Figure 40 for actual CV runs. The R
2
 values are very 

good and indicate a fine linearity. The oxidations charges are 2-3 times larger than the reduction total 

charges. 

 

4.3.2.2 Characteristics of a clean gold electrode 

The gold electrode surface is prepared for analytical runs using the methodology 

described in Giacomino
21

 et al. As previously mentioned, linear potential sweep CV 

experiments were conducted daily for the electrochemical activation and also for the 

monitoring of the Au electrode surface. Additionally, electrodes are stored in 0.1 M 

NaOH when not in use after the daily experimental runs or for any length of time during 

a laboratory period. Figure 44 delineates a set of five (5) CVs that are indicative of a 

typical gold surface ready for analysis. Figure 45 is another CV example of an electrode 

surface after storage overnight in 0.1 M NaOH. 

 

y = (0.46 ± 0.01)x + 0.29 ± 0.07 

n = 9, R² = 0.9951 

y = (-0.22 ±  0.002)x + 0.07 ± 0.01  

n = 9, R² = 0.9991 
-3.00
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Figure 44. 5 CVs typical of an Au surface that is very good condition and ready for As(III) analysis. See 

Table 9 for approximate peak potentials and proposed processes. The above numbered peaks are similar to 

those identified in figure 35. 

 

 

Figure 45. Typical CV after storage in 0.1 M NaOH. Au surface is ready for analysis. See Table 9 for 

approximate peak potentials and proposed processes. The above numbered peaks are similar to those 

identified in Figure 36. 

 

1. 

2. 

3. 

4. 

1. 

2. 

3. 
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Figure 46 is an example of an Au surface that has some oxide formation. This 

electrode was used for As(III) analysis with some success. The peak at approximately 

0.350 V might possibly be the oxidation of gold atoms that have little lattice stabilization 

energy. The peaks at approximately 1.35 V and 0.95 V are the oxidation and reduction of 

Au respectively as previously mentioned. 

 

 

Figure 46. Au surface with oxide formation, which could inhibit stripping analysis. The peak at 

approximately 0.35 V vs. SSC (1.) might possibly be the oxidation of gold atoms with no lattice 

stabilization energy as reported by Burke
23

. Peaks (2.) and (3.) are the oxidation and reduction of the Au 

surface. The peak (4.) at approximately 0.75 vs. SSC might be a metastable surface reduction. Table 9 

discusses approximate peak potentials and proposed processes. 

 

Figure 47 is provided as an example of an electrode surface that is probably 

replete with oxides and would require significant preconditioning/cleaning to be useful. 

There are no identifiable peaks on the plot that might suggest the surface is ready for 

ASV. Normally, as delineated by Giacomino
21

 a peak at approximately 1.20 V on the 

1. 

2. 

3. 

4. 
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forward scan (oxidation) with the formation of gold oxide (Au2O3), and a peak at 

approximately 0.90 V on the reverse scan (reduction) reforming the Au surface, is readily 

apparent. Note that panel d (Figure 41) in the Giacomino work is similar to the Figure 47. 

 

 

Figure 47. CV of an electrode surface that is NOT ready for analysis due to probable extensive oxide 

formation. Peak 1 above might be the reduction of gold oxide. There are no other identifiable peaks. The 

surface is essentially passivated. 

 

As another example of the incorporated methodology, Figure 48 is an example of 

an electrode that was passivated at the end of the day’s experiments and very limited in 

its ability to form an amalgam with arsenic. Figure 49 is the CV of that electrode after 

storage in 0.1 M NaOH for 2 days. Note the significant difference in the electrode’s 

surface characteristics. After storage, the electrode showed sufficient oxidation and 

reduction peaks to continue analysis. 

 

1. 
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Figure 48. CV after extensive arsenic analysis, 25 SWASV runs of concentrations of 5 to 30 ppb, 32 sec 

deposition time, deposition potential -1.2 V, initial potential -0.6 V, final potential 0.6 V. Electrode was 

probably passivated with significant oxide formation and arsenic at different oxidation states. The peak at 

approximately 0.29 V is probably the same peak as described in Figure 34 peak number 1, xAu* + yH2O ↔ 

AuxO3y  + 2yH
+
 + 2ye

- 
 Au* - metastable cluster Burke

75
. 
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Figure 49. CV of the electrode in Figure 48 after storage in 0.1 M NaOH for approximately 48 hours. 1. 

Peak at 1.385 V SSC (1.582 NHE) - 2Au + 3H2O ↔ Au2O3  + 6H
+
 + 6e

-
 Burke

75
, Giacomino

21
  

2. Peak at 0.735 V SSC (0.932 NHE) - Au2O3  + 6H
+
 + 6e

-
 ↔ 2Au

0
 + 3H2O Burke

75
 

4.3.2.3 Cyclic voltammetric studies of the surface of a gold electrode: 
Measurement of surface properties 

This section discusses the compilation of CV data to address the importance of 

understanding the Au surface of the working electrode within a flow cell used in ASV. 

Two hundred (200+) CVs were conducted over the course of the final experimental 

period for preconditioning and cleaning of the electrode surfaces. These data were useful 

in investigating some properties of the Au wire electrode. The goal was to try to 

understand and possibly measure the surface properties of the working electrode (WE). 

Patterns of consistency or inconsistency can be indicative of the electrode surface as can 

changes in the surface area calculations between successive CV runs. 

 

1. 

2. 
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Table 10. Partial compilation of CV data. Full table at appendix. Section 6.1. 

R

u

n

# 

Peak 

Pot.. 

(Ox) V 

Peak 

Curr. 

(Ox) A 

Total 

Charge 

(Ox) C 

Peak 

Pot. 

(Red) V 

Peak 

Curr. 

(Red) A 

Total 

Charge  

(Red) C 

Sfc 

Area 

(Ox)  

cm2 

Sfc 

Area 

(Red) 

cm2 

Electrode 

length 

cm 

Geo. 

Area 

cm2 

Roughness 

Factor 

(Ox) 

Roughness 

Factor 

(Red) 

1 1.241 2.999E-

06 

3.602E-

06 

0.891 3.068E-

06 

2.013E-06 0.0080 0.0045 1.0000 0.0314 0.2546 0.1432 

2 1.234 6.960E-

06 

8.892E-

06 

0.895 2.912E-

06 

1.999E-06 0.0198 0.0044 1.0000 0.0314 0.6303 0.1401 

3 1.318 5.127E-

06 

3.968E-

06 

0.928 1.890E-

06 

1.189E-06 0.0088 0.0026 1.1000 0.0346 0.2546 0.0752 

4 1.310 1.115E-

05 

1.196E-

05 

0.934 1.356E-

06 

5.304E-07 0.0266 0.0012 1.1000 0.0346 0.7697 0.0347 

5 1.374 9.893E-

06 

1.269E-

05 

0.925 1.026E-

06 

4.162E-07 0.0282 0.0009 1.1000 0.0346 0.8160 0.0260 

6 1.272 7.514E-

07 

5.726E-

07 

0.877 4.804E-

06 

4.012E-06 0.0013 0.0089 1.1000 0.0346 0.0376 0.2575 

7 1.285 4.436E-

06 

4.304E-

06 

0.925 2.520E-

06 

1.586E-06 0.0096 0.0035 1.1000 0.0346 0.2778 0.1013 

8 1.294 2.053E-

06 

1.980E-

06 

0.925 1.516E-

06 

7.917E-07 0.0044 0.0018 1.1000 0.0346 0.1273 0.0521 

 

The data in Table 10 consists of the following measurements: peak potential (V) 

vs. SSC during the forward scan of the CV and corresponds to the oxidation of the gold 

surface during the preconditioning or cleaning run. The oxidation and reduction reaction 

is:  

2Au + 3H2O ↔ Au2O3(s) + 6H
+
 (aq) + 6e

-
 

Peak potential (V) vs. SSC during the reverse scan which corresponds to the 

reduction of the Au2O3 to Au(0). The gold surface is being conditioned and the oxidized 

species formed on the forward scan are reduced in the reverse scan forming a cleaner but 

not necessarily uniform Au surface. The purpose of this “cleaning” step is to form a layer 

of Au atoms ready to form an amalgam with the As(III) complexes. The shape of the 

voltammogram in Figure 41(a) is prominent throughout the literature and signifies a 

“clean” Au surface, Salaun
27

, Priano et al.
83

, and Freeney et al.
84

.  

The above reaction is critical in the analysis of As(III) employing a Au wire 

electrode in the determination of ground water arsenic. These reactions are not 
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reversible and it is quite possible, that there might exist layers of oxides at different 

oxidation states. The six (6) electrons in the above equation were entered to balance the 

equation, the actual number must be determined experimentally by coulometry. Figure 50 

below displays the plot of oxidation and reduction peak potentials. Assuming equal 

diffusion coefficients for forward and reverse scans and ∆E = 0.0591 / n with n being the 

number of electrons, the average ∆E is 0.431 V and the average number of electrons = 

0.14; obviously this reaction is not reversible. This is not a single six (6) electron reaction 

as expressed in the above reaction but multiple reactions possibly stepwise involving 

differing oxidation/reduction states of the Au atoms on the surface. 

 

 

Figure 50. Oxidation (upper) and reduction (lower) potentials of the Jun 05 CV data. Depicted above are 

the forward (oxidation) and reverse (reduction) scans of the Au wire electrode in 0.5 M H2SO4. The 

intercepts and standard errors for the above oxidation and reduction curves were 1.12 ± 0.09 V and 0.79 ± 

0.07 V respectively and show some consistency in the preparation of the Au surface. 

 

y =(0.006 ± 0.001)x + 1.20 ± 0.09 

n = 13, R² = 0.8519 

y = (0.002 ± 0.001)x + 0.79 ± 0.07 

n=13, R² = 0.5903 
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Returning to the collected data, additional data included for both oxidation and 

reduction reactions in Table 10 include peak currents (A), total charge (C), surface area 

calculations (cm
2
), and roughness factors. Discussion of some of these data follows. 

Figure 50 is provided as an example of a small portion of the collected CV data. 

Figure 51 shows a slight (~9 µC) increase in the corresponding oxidation and 

reduction total charge. See below plots for these ranges of data. 

 

  

Figure 51. Plot A delineates a changing Au surface. The oxidation (forward scan) shows a slight increase in 

total charge corresponding to a probable increase in surface area. Plot B, reduction (reverse scan) shows the 

same similar though less increase. Regression analysis intercept values and errors for the fwd and rev scans 

were 27.01 ±1.25 µC and 3.65 ±0.065 µC respectively. 

 

Figure 51 shows that the electrode Au surface is probably not consistent, i.e. not 

reproducible during oxidation and reduction reactions although these are completely 

surface confined species during the above set of runs. The literature shows that electrode 

conditioning, (i.e. oxidation of the Au atoms to an Au oxide followed immediately by a 

y = (1.90 ± 0.38)x + 27.01 ± 1.25 

n=5,  R² = 0.8931 
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reduction to elemental Au atoms) is important to keep the surface active and 

reproducible
61,85

 and can help to stabilize the electrode surface for arsenic reduction. A 

significant portion of the literature citations are referring to button type electrodes or 

GNEEs. Our electrode is an Au wire, which might have inconsistencies as a result of the 

manufacturing process to include coatings deposited during this manufacturing process. 

Additional research is planned to further investigate the surface properties of these wire 

types and is not discussed here. 

The same surface area is not reproduced from the forward and reverse scans in the 

above data. The total charge on the oxidation run is approximately an order of magnitude 

greater than the reverse scan (reduction). This is probably a direct result of different 

groups or clusters of Au ions oxidizing and then not being reduced back to Au
0
. It is 

evident from the above that the Au surface can be better prepared for arsenic analysis by 

employing a consistent preconditioning methodology. Plot B in Figure 52 shows NO 

increase in reduction surface and actually shows a decrease in surface area during the 

reverse scan, which further demonstrates an inconsistent Au surface.  
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Figure 52. Oxidation (grey) and reduction (red) surface areas for the preconditioning runs. Plot A shows an 

increase in oxidation surface area (SA) and a corresponding increase in reduction SA. Plot B shows an 

increase in oxidation (SA) and NO corresponding increase in reduction SA. 

 

This variability might possibly indicate a dynamic Au surface that is undergoing 

rearrangement of multiple Au clusters between successive oxidation/reduction 

preconditioning runs where the oxidized surface clusters of AuxOy are not reduced back 

to Au
0
. 

Figure 53 is a plot of all peak potentials for both oxidation and reduction reaction. 

There is an overall sine wave in the peak oxidation or reduction potential analyses. The 

potential for each process is consistent within the experimental conditions. There are 

some tendencies in the plots. Specifically, in Figure 53 the oxidation potentials display 

sub-groupings in some daily runs where the peak potential increased during successive 

CV runs indicating an increasing amount of gold oxide formation and changing Au 

surface. These areas of increased potential correspond to areas of increased surface area 

from the oxidation reaction. There are corresponding areas of increased reduction surface 
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areas to these areas of increased oxidation surface areas, which indicates a surface area, 

which is not consistent in surface properties.  

 

  

Figure 53. Oxidation and reduction peak potentials all runs. As seen in the above graphs, the reduction 

potentials exhibit some scatter but are consistent within the bounds of the experimental conditions. The 

oxidation potentials (slightly decreasing) show some increase over short periods of days during sequencial 

CVs. 

 

Average peak potential for the oxidation runs was 1.284 ± 0.013V, and the 

reduction run average was 0.849 ± 0.005V. These data overall show a relatively stable 

(less than 1%) electrode surface. These values are comparable to Giacomino
21

 for 

oxidation potential or anodic peak of 1.25 V and a reduction potential or cathodic peak of 

0.90 V and are indicative of an Au electrode surface that is active and reproducible. 

Additionally, they report that their electrodes were stored in 0.1 M NaOH overnight and 

when not in use and are cleaned daily (3x) in water and ethanol prior to activation with 

cyclic voltammetry. They also report that the activation procedure (10 CV cycles) is 
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repeated half way through the experimental day. Figure 54 below shows the oxidation 

potentials plotted by day. 

 

 

Figure 54. Oxidation potentials graphed by day. Inconsistencies are more easily shown when separated by 

date. The 19-Apr shows a relatively uniform plot of potentials. Increasing potentials were generally 

associated with increasing area under the curve representing total charge. The oscillation in potential was 

approximately 300 mV. The calculated junction potential was 30.0 mV. 

 

There are some general characteristics evident in Figure 54, as reported above the 

average peak oxidation potential is 1.284 ± 0.013 V. The variation in the data as you 

view the graph from left to right is similar to a sinusoid and on individual days shows an 

increase in peak oxidation potential throughout the day. The potential band that the curve 

encompasses is 313 mV (high 1.463 V on 25 Jun, low 1.150V on 22 Mar). As previously 

stated, the variation in the data is attributable to differing surface conditions of the 
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electrode after storage or conditioning periods and is probably attributable to differing 

oxidation states of surface Au atoms.  

 

 

Figure 55. Reduction potentials graphed by day. These data are more consistent than the oxidation potential 

data. 

 

Figure 55 shows some daily runs with consistent reduction data, i.e. minimal 

increase or decrease in peak reduction potentials throughout a daily period. These data 

are more consistent than the oxidation peak potentials as evidenced by the linear plot of 

the daily reduction potentials and this might be attributable to only Au atoms of a single 

oxidation state reducing to Au
0
 from Au

III
. 
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Table 11. Calculation of Junction potential in presence of major cations as supporting electrolytes. 

i zi |zi| ui (cm
2
 sec

-1
 V)

86
 Ci (M) 

K
+ 

1 1 7.62x10
-4 

1.0 

Cl
- 

-1 1 7.91x10
-4

 1.0 

H
+ 

1 1 36.25x10
-4

 1.0 

SO4
2- 

-2 2 8.27x10
-4

 0.5 

 

The above data was used to calculate the junction potential, -0.030 V. Values for 

each variable were substituted into the Henderson equation (Equation 1) in a spreadsheet 

and checked by hand for accuracy. Junction potential (EJ) is a contributor to observed 

potential as delineated in the following equation and explanation.  

Eobs = (Eox - Ered) – iR(sol) - EJ 

This equation is the observed potential. Some typical values of iR are 0.027 – 

0.030 V for KCl
83

 electrolyte concentrations of 0.1 to 0.2 M. The above calculated 

junction potential might be low considering the Eox/red delta of 100 - 200 mV. 

 

Equation 1. Henderson Equation. 

Ej = (∑i(|zi|ui/zi)(Ci(β) – Ci(α)) / (∑i(|zi|ui)(Ci(β) – Ci(α)) 

(RT/F)ln((∑i(|zi|ui/zi)(Ci(α)/((∑i(|zi|ui/zi)(Ci(β)) 

 

 

Figure 56 is a plot of peak currents for forward scans (oxidation) and reverse 

scans (reduction) for all runs. As described above, there are periods of increasing current 
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in the forward scans corresponding to increasing oxide formation and charge 

accumulation in the oxides. 

 

  

Figure 56. Peak current for oxidation and reduction runs. Oxidation data show some tendencies on 

consecutive runs with minimal corresponding increases in reduction peak currents. 
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Figure 57. Oxidation and Reduction run surface areas. Surface area increased through CV scans in separate 

sets in the oxidation data. Peak areas were calculated by assuming a charge transfer of 450 µC/cm
2
 

(monolayer cover of gold oxide)
25

. 

 

Figure 57 reports the surface area calculations for both forward and reverse scans 

during the 200+ CVs. There is no consistent attribute in these data other than an increase 

in oxidation surface areas on a daily basis, which was reported in the peak potential data. 

The average (n=207) surface area of the Au wire electrode during the oxidation 

runs was 0.061 ± 0.005 cm
2
, the reduction run average was 0.0095 ± 0.003 cm

2
. The 

length of the Au wires used in the flow cells were 0.9, 1.0 and 1.1 cm. These were the 

lengths used in the calculations of geometric areas. It is possible that the difference in 

surface areas is related to the electron transfer kinetics on a surface changing its 

characteristics during redox reactions as a result of differing oxidation states of Au atoms 

(and clusters of Au atoms) on the surface of the Au wire (as discussed earlier in the text). 

The double-layer model invoked earlier could be used to explain these observations.  
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Roughness factor r is defined mathematically as the ratio of electrochemically 

determined surface area to that of the geometric surface area. Using a literature value 

charge transfer of 450 µC/cm
2
 (Salaun et al), the total area under each oxidation or 

reduction CV plot is divided by this number to give the electrochemical area in 

centimeters squared (cm
2
). The geometric area is calculated and divided by the 

electrochemical area to give a roughness factor. Figure 58 are the plots of roughness 

factor vs. run number for the reduction and oxidation runs respectively. The oxidation 

roughness factors are 3 times larger than the roughness factors calculated for the 

reduction runs. This large difference is attributable to the increased oxidation on the 

forward scan, which results in a larger surface area as discussed above. 
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Figure 58. Roughness factor for oxidation and reduction runs. The average roughness factor for the 

oxidation runs is significantly larger than that of the reduction runs. The high roughness factors are 

probably indicative of a significantly changing Au surface on the forward and reverse scans. Though 

oxidation roughness values are high (normal literature citation of 2-3), the average oxidation roughness 

factor was 1.83. 

 

 

  

Figure 59. 100 um Au wire photographed through an inspection microscope. The above photographs are of 

the same electrode, the left photo is slightly zoomed in picture of the larger right section of Au wire. 

Lighting conditions were not optimum and there appears to be a dark coating on the Au wire. 
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Pictured in Figure 59 are two photographs of the same working electrode 

extracted from a flow cell. The fine structure of surface is further investigated by 

obtaining the electron micrographs of working electrodes from flow cells as discussed 

later (Figures 88 and 89). 

4.4 Flow cell characterization 

Electrode and cell characteristics must be understood to better evaluate flow cell 

operation and maximize detection capability for operational use. Electrochemical 

calculations include surface area calculation of the Au surface, specific cell 

characteristics such as cell resistance, capacitance and cell time constant. To determine 

electrode surface area, CV can be used and the area of the reduction peak on the return 

scan is used in the calculation of surface area. Cell characteristics were also determined 

using chronoamperometry and chronocoulometry. A sample calculation for surface area 

employing a CV scan was also conducted in 0.5 M H2SO4 as previously described in 

section 4.3. This CV area calculation is included for completeness of the characterization 

description. The area (coulomb/V) under the reduction curve is displayed by the software 

or determined manually by measuring the peak area of the reduction scan. In this case, 

the peak at 0.800 V is the reduction of gold oxide to elemental gold. See Figure 60 for a 

graphic display. After the electrode’s surface has been evaluated, fundamental cell 

characteristics are determined using chronoamperometry and chronocoulometry see 

sections 4.4.1 and 4.4.2. 
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Figure 60. CV in 0.5 M H2SO4 used to calculate surface area of the Au wire electrode in a flow cell. 

Segment 2: is the reduction scan and the area under curve is the total charge on the electrode surface. This 

value is used to calculate the electrochemical area of the electrode 0.082 cm
2
. The calculated geometric 

surface area was 0.035 cm
2
. 

 

4.4.1 Flow cell characterization by chronoamperometry (CA) 

Initial fundamental electrochemical characteristics determined by 

chronoamperometry include, the cell resistance, capacitance, and the cell time constant 

by applying a potential pulse 300 to -200 mV (500 mV) vs. SSC and measuring the 

current transient for 250 ms in a solution containing the supporting electrolyte only. The 

data were fitted to a simple RC – filter model
87

 

i = (E/RS) e 
-t/ (RsCd)

 

ln( i )= ln (E/Rs) – t/ (RsCd)  

where i is the current, E is the potential, RS is the solution resistance, t is the time and CD 

is the double layer capacitance. 
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The following experiment was performed with a 25 µm Au wire (7mm length, 

area = 0.006 cm
2
) as the WE in 0.1 M HCl in a flow cell. The cell parameters were 

calculated from linear regression parameters (eq above, Figure 61) with a slope = -0.064 

± 0.002 µA/ms and intercept = 1.836 ± 0.050 µA. These values yield cell resistance = 

79.74 ± 0.025 ohm. The calculated cell capacitance and cell time constant τ were 32.5 

µF/cm
2
 and 15.62 ms respectively. Clearly, the acid media helped decrease the double 

layer capacity and the cell constant. The cell resistance is still below 100 ohm, which is 

indicative of a very conductive solution. 

 

 

Figure 61. Plot shows a linear decay of the current from 10-30 ms.. The gold wire/aqueous interface does 

behave as a simple double-layer capacitor. Cell parameters were calculated from linear regression 

parameters: slope = -0.064 ± 0.002 µA/ms and intercept = 1.836 ± 0.050 µA. These values yield cell 

resistance = 79.74 ± 0.025 ohm. 
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4.4.2 Flow cell characterization by chronocoulometry (CC) 

Chronocoulometry was also employed to investigate the surface area of the 100 

µm Au wire electrode using the classical potassium ferrocyanide (K4Fe(CN)6) redox 

couple reaction as shown below.  

Fe(CN)6
-3

 + e
-
 ↔ Fe(CN)6

-4
 

This methodology is similar to that described in CA experiments. Shown in 

Figure 62 are the forward and reverse scans of a typical chronocoulometry run on this 

flow cell. The WE was approximately 4 mm in length. From this experiment, electrode 

surface area can then be calculated using the below equation and solving for A. This 

equation describes the charge due to forward reaction. 

Qd = (2n FADO
1/2

CO
*
t
1/2

) / π
1/2

 

Where, Qd = total charge; C, n = number of electrons; F = 96,485 C/mol- e
-
, DO = 

diffusion constant for reactant, cm
2
/s, CO = bulk concentration in mols/cm

3
, and t is time 

in s. Electrochemical surface area and geometric area can then be compared.
88

  

The forward equation defines the diffusional component to the charge at t = 0 but, 

a plot of Q vs t
-1/2

 does not generally go through the origin. This is due to two additional 

components of Q, the double layer charging and a contribution to charge from any 

molecules that are adsorbed to the electrode surface. Therefore, two additional terms are 

added resulting in the below equation. These two terms, Qdl and nFAΓO pass very quickly 

when compared to the diffusional component and not considered in this experiment. 

 

Qd = (2n FADO
1/2

CO
*
t
-1/2

) / π
1/2

 + Qdl + nFAΓO 
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Rearranging the forward equation for A yields: 

A = Qd π
1/2 

/ 2nFDO
1/2

CO
*
t
-1/2

. 

Additionally, the quantity - Qd/ t
-1/2

 is the slope of the curve in the forward scan in Figure 

62. This value is 8.96 µC/s
1/2

. All other variables are known and described in the previous 

section and can be used to calculate the area and compared to the geometric area.  

The electrochemical area was calculated to be 0.0137 cm
2
, the geometric area was 

calculated to be 0.0127 cm
2
.These values agree within less than 8%. The same 

calculation was performed for the 7 mm length of 25 µm Au wire electrode resulting in a 

geometrical area of 0.0221 cm
2 

and an electrochemical area of 0.0204 cm
2
, again the 

values agree within 8%.  

Total charge in the diffusion layer, Qdl, can be calculated from the intercept of the 

reverse scan shown in Figure 62. The equation defining the charge removed during the 

oxidation run (reverse) is given: 

 

Qr(t > τ) = Qdl + (2n FADO
1/2

CO
*
t
-1/2

) / π
1/2

 [τ
1/2

 + (t- τ)
1/2

 – t
1/2

] 

 

The term [τ
1/2

 + (t- τ)
1/2

 – t
1/2

] is known as θ in the literature
62

 and a plot of Qr vs. θ 

intercepts the y axis at a value corresponding to Qdl. We considered the case where none 

of the reactant is adsorbed onto the electrode surface. Tau (τ) is the transition time in 

chronopotentiometry and was 250 msec in this experiment. 

The double layer capacitance was 26.5 µF/ cm
2
. This value is within the literature 

reported typical range of 10 – 40 µF/ cm
2
 (for metals and glassy carbon electrodes). A 
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similar calculation was performed on the 25 µm Au wire dataset, which yielded double 

layer capacitance of 26.6 µF/ cm
2
. 

These results indicate the polycrystalline gold electrode under the experimental 

condition and with a quasi-reversible couple yields normal double-layer capacity. It 

appears that the highly negatively charged Fe(CN)6
3-

/ Fe(CN)6
4-

 redox couple is not 

hindered by the oxide layer on the gold during electron transfer reaction. The voltage  

pulse selected for this reaction (500 mV to 0 mV) under neutral pH did not oxidize Au
0
. 

The oxide layer is nearly transparent to this reaction. 

 

 

Figure 62. Chronocoulometry run in K4Fe(CN)6 with a 100 µm Au wire as the working electrode in a flow 

cell similar to those depicted in the experimental section at 3.4.3. 

 

Table 12 below provides a short summary of the characterizations performed on 

pipette and flow cell working electrodes using chronocoulometry (CC) and 

chronoamperometry (CA) in 3.0 mM K3Fe(CN)6. These values are not atypical in 

electrochemical calculations, double layer capacitance can range from 4 – 40 µF/cm
2
. 
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Table 12. CC and CA summary data for pipette and flow cell WEs. r1 – run 1, r2 – run 2. 

Method Electrode  

(100 µm 

Au) 

RS (kΩ) CD (µF/cm
2
) τ (ms) Electrode 

Area 

(Echem) 

(cm
2
) 

Electrode 

Area 

(Actual) 

(cm
2
) 

CA 

K3Fe(CN)6 

flow cell (r1) 

flow cell( r2) 

33.9 

30.9 

560.80 

588.00 

476 

454 

- 

- 

- 

- 

CC 

K3Fe(CN)6 

 

Pipette (r1) - - - 0.036 0.022 

 

4.5 Evaluation of flow cells for arsenic analysis 

Construction of some basic flow cells were described in sections 3.4.2 and 3.4.3 

and these were tested with solutions of differing As(III)/As(V) concentrations. The flow 

cell construction entailed two different types of flow cells, Types I and II. Type I was a 

two electrode flow cell containing an Ag wire with AgCl(s) deposited on the wire to 

serve as a pseudo reference electrode. Type II was a two electrode flow cell that 

employed an actual SSC reference electrode (CH Instruments) and potentiostat. 

4.5.1 Evaluation of flow cell – Type I (Ag – pseudo reference electrode): Effect 
of flow and deposition time 

ASV of As(III) can be done in a flow cell under flow on or off conditions and As 

deposition for different lengths of time. This can reveal the effect of mass-transfer 

efficiency on deposition and stripping of As(III). Initial experimentation involved LSSV 
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and DPV to determine which technique might be used in further research and eventually 

in the field. Figures 63 and 64 show plots of DPV and LSSV runs of 75.0 µg/L As(III) at 

deposition times of 10, 20, 30 and 60 sec. As can be seen from the trend line fit, LSSV 

provided a better R
2
 value for these experimental conditions though DPV has a lower 

detection limit than LSSV. This is due to its pulsed waveform, which measures the 

current in pulses by taking two measurements, and recording the difference as the 

potential is increased. This helps to increase the faradaic-signal/capacitance-noise ratio 

by subtracting the capacitance current from the total current. Figure 64 was the same 

experiment employing DPV as the electrochemical method. These two procedures were 

investigated to examine the effect of mass transfer on sensitivity when a peristaltic pump 

is not available in the field. Notice the variation in the DPV data for pump on. This type 

of response was observed before and might be attributable to a systematic error in the 

experimental procedure or flow cell anomalies during operation. Problematic with these 

types of electrodes, successive runs can yield variable data. The plots show that the 

LSSV-pump on results shows maximum gain in sensitivity, which is time dependent, 

0.0037 µA/s compared to all others (0.0014-0.0016 µA/s) and also the largest background 

signal, i.e. the y-intercept. Additionally, LSSV provides for a continuous deposition or 

depletion of analyte on the electrode surface whereas SWV/DPV provides for a small 

change in surface concentration. The nonzero intercept indicates residual deposition of 

As(III) when the scan starts at a potential where As(III) deposition is still diffusion 

controlled. The higher values in both slope (sensitivity) and intercept with pump-on is 

indicative of a better mass transfer for As(III) deposition by about (3 fold). 
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Figure 63. Effect of deposition time on LSSV stripping current with pump on (left) and pump off (right). 

The current plotted with the pump on (left) is approximately an order of magnitude larger than with the 

pump (off). Additionally, the fitted polynomial curve in red on the pump (off) plot, shows non-linear 

deposition probably indicative of inadequate mass transfer as a result of significant depletion of As(III) in 

the flow cell. Other conditions: Ag wire 1 cm long and 50 μm in diameter. Concentration of As(III) 75 

μg/L in 1.0 M HCl. Deposition times were 10, 20, 30 and 60 sec. See experimental section for sample 

photographs of flow cells. The flow rate with the pump on was approx. 1.0 mL/min. 
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Figure 64. Effect of deposition time on DPV stripping current with pump on (left) and pump off (right) 

Other conditions: Au wire electrode with a Ag wire as the pseudo-reference/auxiliary electrode. 

Concentration of As(III) 75.0 μg/L in 1.0 M HCl. Deposition times were 10, 20, 30 and 60 sec. 

 

 

SWASV were also done to obtain some comparison with similar experiments 

done in the literature
89

. Figure 65 displays all voltammograms for each deposition time 

and Figure 66 is plot of deposition time vs. peak current. The shoulder on the 200 sec 

deposition time run might be a result of surface morphology as delineated by Jena
86

. 

Their work involved the exploitation of gold nanoelectrode ensembles (GNEEs) in the 

detection of As(III), Hg(II) and Cu(II). They report a detection limit of 0.02 µg/L with a 

linear response for As(III) and Hg(II) up to 15 µg/L. More importantly, they also report a 
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(ref. Ag/AgCl). An extract of their work is shown in Figure 67. There is no shoulder 
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evident in the 100 sec deposition time displayed below (200 sec deposition time shows 

the shoulder). Literature data
86

 shows an optimized deposition time of 100 sec and 

showed a similar shoulder at all concentrations. The GNEEs in their use are a more 

receptive surface to the deposition and reoxidation of As(III), but the similarities in the 

surface characteristics can be assumed by comparing the SWASV voltammograms of 

both types of electrodes.  

Literature work
86

 was also applicable with respect to the interference of Cu(II). 

They report no change in sensitivity of the electrode towards As(III) and no change in 

peak position for the stripping of As(0) in their Cu analysis. Figure 67 is an extract of 

their
86

 work. The shoulder peak at approximately 0.095 V (Figure 65) is evident only in 

the 200 sec deposition time and also present in Figure 67. 
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Figure 65. A 50 µg/L As(III) solution in 3 M HCl was scanned using SWASV with deposition times of 10, 

30, 50, 100 and 200 sec to investigate the validity and robustness of a 2-electrode flow cell employing a 

Ag/AgCl pseudo-reference electrode. The shoulder (~0.07 V) evident on the 200 sec deposition time scan 

is evidence of differing As oxidation states or Au surface deformations. The small peaks at approximately 

0.34 V might be Cu(II) but this was not verified in this experiment. 

 

The above comparison of arsenic analyses demonstrates the effectiveness and 

usability of flow cells in trace arsenic detection in the presence of Cu(II). Fabrication of 

GNEEs would be difficult if not impossible to complete when in the field. Flow cell 

construction in the field can be accomplished relatively easily with acceptable 

electrochemical results. 
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Figure 66. Peak current vs. deposition time. 50 µg/L As(III) solution in 3 M HCl with SWASV with 

deposition times of 10, 30, 50, 100 and 200 sec to investigate the validity and robustness of a 2-electrode 

flow cell employing a Ag/AgCl pseudo-reference electrode. 

 

 

Figure 67. Jena et al
86

 report excellent results for detection of As(III) without Cu(II) interference. SWASV 

response of the GNEE at different concentrations of As(III) in the presence of 10 µg/L of Cu(II) in 1 M 

HCl. GNEE electrodes were Polycrystalline Au electrodes of 1.6mm diameter were used as a substrate for 

the fabrication of nanoelectrode ensembles (NEEs). The polycrystalline Au electrodes were first modified 

with the MPTS (3-(Mercaptopropyl)trimethoxy silane) silicate network according to our previous reports
90

. 

Briefly, the MPTS solution was prepared by dissolving MPTS, methanol, and water (as 0.1M HCl) in the 

molar ratio of 1:3:3 and stirring the mixture vigorously for30 min. The polycrystalline Au electrodes were 

polished well with aqueous slurries of alumina (0.06 μm) and sonicated in water for10 min. The well-

polished electrodes were then electrochemically cleaned by cycling the potential between -0.2 and 1.5 V in 

0.25M H2SO4 for 10 min. The shoulder at approximately 0.19 V is evident in the left panel at approx. 0.072 

V. A peak for Cu even at 10 µg/L shows the Cu sensitivity on the electrode is very high and a potential 

interferent. 
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Figure 68. Successive standard addition runs of As(III). Starting concentration 50 µg/L. Increasing As(III) 

signal was accompanied with a decreasing Cu(II) signal. Concentration data is to the right of the 

voltammograms. All runs were performed in 1.0 M HCl with deaeration after each addition. 

 

4.5.1.1 Role of Cu(II) in As(III) analysis and the interference of Cu(II) in 
a calibration experiment 

As discussed in the previous section, copper is known to be a significant 

interferent in arsenic measurement. We explored the role of Cu(II) by using SWASV in 

the presence different concentrations of As(III). Figure 68 shows that the peak current of 

Cu(II) decreases with increasing As(III) concentration. It is believed that the formation of 
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intermetallic compounds is contributing to the decreasing Cu(II) peak and also inhibiting 

greater peak currents for As(III). 

Figure 69 displays peak current vs. concentration of As(III) for the experiment 

shown in Figure 68. Also displayed is the As(III)/Cu(II) peak current vs. [As(III)] in the 

lower curve. The Cu(II) signal does not interfere with the As(III) detection with respect 

to peak current of As(III). Jena
86

 report that the Cu(II) did not affect the sensitivity of 

As(III) analyses. The peak current of their Cu(II) peak is relatively consistent as seen 

above. It is also reported in the literature that Cu3As2 can be a serious concern in the 

detection of As(III) if Cu(II) is present because the polycrystalline Au electrode supports 

the formation of intermetallic compounds and hence unsuitable for As(III) detection. 
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Figure 69. Peak current vs. concentration As(III) in the upper plot. As(III) peak current divided by Cu(II) 

peak current. The Cu(II) does not interfere in the analysis of As(III). 

 

GNEEs do not favor the formation of any polycrystalline compounds and 

therefore were successfully used in the detection of As(III) in the presence of Cu(II). 

Dai and Compton
35

 report the results of their L-Cysteine modified gold electrode. 

As(III) additions (1µM each) were made to 0.1 M H2SO4 containing 10 µM Cu(II) with 

LSV runs were completed with 60 sec deposition times at -0.3V vs. SCE. The copper 

peak showed a gradual increase as the As concentration was increased. Their work also 

involved other electrode types not discussed here specifically, gold electrodes modified 

with 1-octanethiol. Additionally, Dai and Compton
35

 report a large peak at approximately 

0.3 V, which they attribute to the intermetallic compound Cu3As2. As arsenic 
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concentration was increased in their analysis the resolution of the voltammograms 

deteriorated. Their concentration of Cu(II) was high for trace arsenic analysis at 10 µM. 

It is possible that a decrease in Cu(II) peak current delineated in Figure 68 may be 

attributable to the increase in formation of Cu3As2 as the As(III) concentration was 

increased during the experiment. Therefore, less Cu(II) was available for deposition and 

consequent stripping during the standard addition procedure. The Cu(II) concentration 

was a contaminant and not controlled throughout the experiment. These results might 

provide for the use of Cu(II) as an internal standard during ASV of As(III) employing a 

Au wire as the WE. 

4.5.1.2 Concentration calibration with two electrode flow cell 
containing silver pseudo-reference electrode (Type I flow cell) 

In the evaluation of an electroanalytical procedure for robustness and fundamental 

usefulness, concentration calibrations should be performed. Seven separate standards 

were prepared in the range of 10 – 100 µg/L As(III) in 2 M HCl as described elsewhere. 

The ASV was run for each solution at four deposition times (10, 30, 60, and 100 s) 

including that of the supporting electrolyte (2M HCl). Therefore, 52 ASV runs were 

performed consecutively using the same electrode. This is equivalent to analyzing 17 

samples in the field using standard addition with two standards. Figure 70 shows the 

deposition time normalized response (peak current/ deposition time) for each deposition 

time. The calibration linearity at 100 s deposition time shows the best results without any 

data exclusion (Figure 71). It appears that the use of a longer deposition time averaged 

out the random errors compared to that of the lower deposition time. Even with the 100 s 
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deposition time, the total analysis time is less than 3 minutes and a practical possibility of 

high throughput analysis. 

 

 

Figure 70. Initial calibration curve employing a two electrode flow cell employing a Ag pseudo reference 

electrode (Ag wire). The electrode was conditioned in 0.5 M H2SO4 as previously discussed. All solutions 

were prepared in separate vessels for all experiments. 
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Figure 71. The 100 sec deposition time data for calibration curve experiment. Peak current was normalized 

with deposition time. The standard 5% error bars are calculated from within MS Excel and displayed. 
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4.5.1.3 Effect of bare Ag/AgCl pseudo-reference electrode on stripping 
analysis (Type I flow cell) 

 

 

Figure 72. LSSVs showing AgCl stripping. 

 

Depicted in Figure 72 are 25 repeated LSSV voltammograms of a 50 µg/L As(III) 

in 3 M HCl while the analyte is recirculated through the flow cell. The purpose of this 

experiment was to investigate the suitability of using this type of reference electrode. A 

silver wire coated with AgCl is very easy to maintain, relatively inexpensive and easy to 

use in the field. The role of a reference electrode in any electrochemical system is crucial 

to maintain and measure the working electrode potential. In most systems the reference 

electrode (SSC) is placed in a tube separated by a porous junction (Vycor or thirsty 

glass). It was decided to use such an electrode without such a junction and directly 
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inserting the electrode inside the tube. This may not change the composition of AgCl(s) 

because the supporting electrolyte is concentrated HCl. This type of electrode was 

studied because it was initially thought that it could serve as the reference electrode in 

this system without interference. The signal was thought to be due to As(III) ASV. The 

signal started to increase in regular fashion and on close examination was found to be due 

to the ASV of Ag
+
/Ag

0
 generated from the bare AgCl(s) ↔ Ag

+
 + Cl

-
. The Ag

+
 cation is 

leaking from the pseudo reference, deposited on the electrode at approximately -0.200 V 

and then stripped off between 0.030 and 0.060 V. 

It is possible that the cleaning and preconditioning procedures employed 

(Giacomino et al.) probably contributed to the failure of this pseudo-reference electrode. 

The pseudo-reference electrode was extracted from a functioning flow cell and examined 

(Figure 73). Also displayed in Figure 72 at approximately 0.300 V is small peak believed 

to Cu(II). Cu(II) as an interferent was discussed in section 4.5.1.1. Further use of this type 

of reference electrode was discontinued after these results. Figure 74 is a plot of the peak 

currents vs. run number for these data. It is noted that Ag
+
 deposition started as a narrow 

peak (a sign of nucleation site) and progressively widened as more Ag is deposited and 

multiplicity of energetic states in the crystal lattice formed - very similar to that of 

deposition other metals. Figure 74 shows that after 12
th

 deposition the electrode was 

stabilized to form a uniform layer of Ag with similar lattice state or the formation of a 

stable Ag/AgCl layer. 
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Figure 73. Pseudo-reference electrode removed from a flow cell. Approximate length 7 – 9 mm delineated 

by bracket as the electrode portion of the Ag wire. A grey-black deposition was observed on the electrode. 

 

 

Figure 74. 25 LSSV runs of 50 µg/L As(III) solution in 3 M HCl. Peak current of the oxidation of the AgCl 

from the pseudo-reference electrode, y-intercept 4.59 ± 0.32 µA. This is the minimum current required for 

the formation of the nucleation center for lattice propagation. 
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4.5.2 Evaluation of flow cell – Type II (Ag/AgCl reference electrode) effect of 
deposition time 

 

 

Figure 75. Peak currents vs. deposition times of 10, 20, 30, 40, 50 and 60 sec. A 10 µg/L solution of As(III) 

in 1.0 M HCl. The solution was deaerated for 120 sec. 

 

This study is similar to that of studies done with type I electrode except that the 

reference electrode is a commercial electrode inside a glass tube separated by a porous 

junction to prevent leaking of Ag
+
. Deposition time variation was investigated and Figure 

75 is plot of all voltammograms with varying deposition times of 10 – 60 sec showing 

peak currents of both the As(III) and Cu(II). Figure 76 is a plot of peak current vs. 

deposition time. The peak currents of the As(III) are almost linear and appear to be free 

of interference from the Cu(II) contaminant. The shoulder peak currents evident in the 

Figure 75, which cluster around 0.200 V are believed to be from Cu(II) as previously 

discussed. In comparing the effect of deposition time for both types of electrodes, the 

concentration normalized slope for type I is 0.029 µA/(s-µg/L) and that of type II is 0.013 
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(µA/(s-µg/L). These higher values for type I cell experiment can be attributed to the 

higher concentration of HCl (3M) compared to that used in type II cell. It has already 

been found that higher HCl enhances peak current.  

 

 

Figure 76. Peak current vs. deposition time for voltammograms displayed in Figure 75. The lower curve is 

the plot of the shoulder peaks at approximately 0.200V. 

 

4.5.3 Concentration calibration with two electrode flow cell containing 
Ag/AgCl reference electrode (Type II flow cell) 

 

In the continuing evaluation of an electroanalytical procedure for robustness and 

fundamental usefulness, concentration calibration curve was performed. Seven separate 

standards were prepared in the range of 5 - 60 µg/L As(III) in 1 M HCl. The results are 
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shown in Figures 77 and 78. The full width at half maxima (FWHM =100 mV) were 

similar to those generated with a Type I flow cell (section 4.5.1). Figure 77 also shows a 

small Cu(II) peak is present in the 20 µg/L sample at approximately 0.381 V. It is 

possible that this flow cell had some contaminating Cu(II) from a previous sample but not 

an interferent for arsenic peak current measurement. 

 

 

Figure 77. Concentration calibration employing SWASV with 30 s deposition time, other potentiostat 

settings delineated to the right of the scans. All As(III) solutions were prepared in 1.0 M HCl and deaerated 

for 120 sec prior to scanning. 
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Figure 78. Peak current normalized to deposition time (µA/s) vs. concentration calibration for Ag/AgCl 

reference electrode. The 60 µg/L sample was excluded as an outlier. 

 

The concentration calibration is linear with an intercept (0.20 ± 0.05 µA/s) and the 

calculated background As(III) concentration is 8.0 ± 2.0 µg/L. This could be the residual 

As(III) trapped in the part of the flow cell which is not flushed during pumping. 

4.5.4 Reduction of As(V) to As(III) by Mn(II) as the reducing agent 

Most of the real world water samples contain As(V) as the major arsenic species. 

Reduction of the As(V) to As(III) is, therefore, needed to conduct a complete analysis of 

the sample. A recent paper in the literature
87

 examined the addition of Mn(II) as a 

reducing agent for As(V). The next set of experiments encompassed the addition of 

manganese to standard As(V) sample and also to study the variation of deposition 

potential. The analysis conducted was SWASV with an initial solution of 10 μg/L As(V) 

in 0.1 M HCl. The As(V) concentrations were increased by incremental addition of 1.00 

mg/L As(V) stock solution using a micropipette. The first experiment involves the 

addition of manganese (in excess of 5 µM) to the sample to investigate the reduction of  
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As(V) to As(III) and then strip off the As(III) by using the Gibbon-Walsh
91

 protocol. The 

protocol involves the reduction of Mn(II) onto the Au wire forming a coating Mn(0) on 

the electrode at -1.3 V. The As(V) is reduced to As(III) through a novel redox reaction 

between As(V) and Mn(0). The As(III) is then stripped off as shown in the following 

reactions: 

Mn
II
 + 2e

-
 ↔ Mn

0
  (electrochemical formation of Mn- film, -0.95 V vs. SHE) 

As
V
 + 2e

-
 ↔ As

III
  (reduction of As(V) to As(III), +0.375 V vs SHE) 

As
V
 + Mn

0
 → As

III
 + Mn

II
  (homogenous redox reaction, 0.95 V + 0.375 V = 1.325 V) 

As
III

 + 3e
-
 ↔ As

0
 (electrochemical stripping)  

 

 

Figure 79. SWASV of 10 ug/L of As(V) in 0.1 M HCl. This experiment was done with a tiny vibrating 

motor attached to the flow cell to enhance mass transport and remove the hydrogen bubbles that may have 

formed on the electrode. 

 

A typical As(V) reduction by Mn(II) and SWASV of 10 µg/L As(V) is shown in 

Figure 79. The figure shows high current at -1.2 V due to hydrogen evolution in 0.l M 
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HCl. Repeated experiments showed the same result. In order to reduce the effect of 

hydrogen evolution on SWASV the deposition potential needs to be more positive. A set 

of experiments were conducted to investigate deposition potential when employing this 

manganese reduction protocol. Figure 80 shows the results as the deposition potential 

was varied from -1.2 to -0.2 V on a 10 μg/L As(V) solution in 0.1M HCl. It shows the 

optimum deposition potential is -0.8 V in the presence of Mn(0) on the electrode. In the 

absence of Mn(II), Majid
31

, reported an optimal deposition potential of -0.5 V for GNP 

GCEs. This difference may be to attributed to the electrode with manganese deposited on 

the surface. 

 

 

Figure 80. Deposition potential plotted as a function of peak height. 

 

The reduction efficiency can be calculated by comparing normalized peak 

currents (normalized to deposition time and HCl concentration) in the absence of Mn(II) 
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(0.04 µA/s-M) and in the presence of Mn(II) ( 0.012 µA/s-M). Therefore the reduction of 

As(V) to As(III) in the presence Mn(II) is only 3% efficient even in the presence of 

enhanced mass transport produced by the small vibrating motor (see section 3.0 for motor 

specifics). Hence, this procedure is probably not a viable analytical procedure. The weak 

reduction was primarily due to hydrogen evolution. The hydrogen evolution can impede 

faradaic efficiency of the As(III) reduction-deposition process even when formed micro-

bubbles are removed by some enhanced mass transfer process (vibration, flow etc.).  

4.5.5 The effect of flow cell storage in 0.1 M NaOH on ASV of As(III) 

Storage of an Au-electrode on 0.1 M NaOH as a preconditioning step should be 

considered with caution. The accumulation of OH
-
 resulting from storage of the electrode 

in 0.1 M NaOH increases the surface pH of the electrode to a neutral (pH 7) value by 

reacting with nearby H
+ 

when the electrode is conditioned in H2SO4 or used in 

electrochemical experimentation. The pH would increase if there was an accumulation of 

OH
-
 on the electrode. The accumulated OH

-
 could increase the surface pH to a value 

greater than 9 when H3AsO3 could dissociate into its anions: H2AsO3
-
, HAsO3

2-
, and 

AsO3
3-

. It is observed (visual and microscopic and AFM) that gold micro-wire electrodes, 

after repeated scans, surface becomes rough and electrode could become thin and porous. 

Accumulation of these ions and OH
-
, in particular, in the pores of a heterogeneous 

electrode surface could enhance the negative charge density on the electrode. These 

charges could exclude anions through electrostatic repulsion, known as the Donnan 

exclusion, which is the exclusion of mobile ions due the presence of fixed ions of the 

same charge. The inner pores of electrodes under such condition cannot be cleaned with 
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repeated cyclic scans like that of planar electrodes. Elliot et al.
92

 report in their work on 

microelectrodes and planar electrodes that diffusion to a microelectrode should involve a 

high mass transport efficiency given the fact that it is radial as opposed to planar 

transport to a larger surface area macroelectrode. It is believed that the low peak currents 

were a result of Donnan exclusion (which is defined as a decrease in the number of ions 

migrating to the electrode surface due to the presence of fixed ions of the same sign as 

those migrating to the electrode surface) that could not be overcome by enhanced radial 

diffusion to the electrode surface and an initial incomplete reduction process which 

resulted in an electrode surface with less gold surface than would or could be considered 

optimum.  

4.5.6 Optimization of flow rate with real sample 

A micro-electrode such as those incorporated into flow cells should be insensitive 

to a change in flow rate, such as an adjustment on the Masterflex peristaltic pump 

depicted in Figure 12 section 3.2.2 if steady state diffusion. To confirm this fact, a 

Siskiyon real sample was prepared in the same manner as described in section 4.5.7. and 

three (3) SWASV runs were conducted at the following flow rates: 1.4, 1.0, and 0.5 

mL/min. Figure 81 displays all three(3) voltammograms. The voltammograms show that 

steady state diffusion is maintained at all flow rates. 
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Figure 81. SWASV runs of Siskiyon real sample in 1.5 M HCl. The flow rate red voltammogram above 

was 1.4 mL/min, blue 1.0 mL/min, brown – 0.5 mL/min. The flow rate specification from the manufacturer 

is approximately 0.05mL/min. 

 

4.5.7 Analysis of real samples 

Analysis of real samples started with the analysis of a standard 100 µg/L As(III) 

to condition and test the electrode. All newly made electrodes must be tested against a 

standard solution prior to analysis. Results are shown in Figure 82. The repeatative scan 

shows increased background due to the transformation of the gold surface (accompanied 

by double-layer capacitance) without a significant change the background subtracted 

peak currents at 0.6 ± 0.1 µA (16%). This error was primarily due to the choice of the 

background current. The lower voltammogram in Figure 82 has a peak at approximately 

70 mV and is believed to be arsenic atoms in the lattice structure that are at a higher 

energy level and are oxidized at a lower potential. 
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Figure 82. Electrode prepared above was used for SWASV of 100 µg/L As(III) in 0.14 M HCl. Repeated 

scan shows change in peak shape and increased background current. The bkg subtracted peak current signal 

for three replicate runs is 0.6 ± 0.1 µA. The electrode surface is possibly saturated with arsenic in different 

oxidation states causing the increasing peak current with each successive run. The voltammogram in red 

above has a peak at approximately 70 mV and is believed to be arsenic atoms in the lattice structure that are 

at a higher energy level and are oxidized at a lower potential. 

 

The trace detection of arsenic is the fundamental focus of this research. 

Consequently, real samples were analyzed qualitatively (by redox potential) and 

quantitatively (by background subtracted peak current measurement) for arsenic content. 

In the environment most arsenic is in the form of As(V) with smaller quantities of As(III) 

under oxic condition. Whereas, As(III) is prevalent in reducing or anoxic environment 

such as the ground waters of Bangladesh and many other places where the aquifer is 

formed in sedimentary rock containing organic carbons. As(V), on the other hand, is a 

thermodynamically stable form of inorganic arsenic present under oxic environmental 

conditions. The electrochemical detection and analysis of As(III) is fairly simple. 

However, As(V) must be reduced to As(III), for detection and quantitation using ASV. 

Here we present some representative analysis of real samples.  
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The Siskiyon sample was prepared for analysis by converting the As(V) to As(III) 

by reducing 46.5 mL of the water sample with 3.5 mL of 2 M HCl and 1.0 mL of sodium 

thiosulfate. The solution was left standing for 5 minutes. In this experiment the 

thiosulfate addition was increased to 1.0 mL because we believed the concentration of 

As(V) in the Siskiyon sample was very high. This reduction procedure was employed for 

all real samples.The SWASV of reduced As(III) of the unknown samples are shown in 

Figures 83 and 84. The peak currents measured from Figure 82 were used in a one point 

calibration calculation to determine concentration of As(III) reduced from As(V). The 

background subtracted average peak current was 0.6 ± 0.1 µA. This calculation yielded 

an As(III) concentration of 291.5 ± 46.5 µg/L. Figure 83 displays the first set of SWASV 

runs of the Siskiyon sample. Figure 84 is a second set of runs of the Siskiyon water 

samples which were analyzed the next day to verify the analysis after storage and 

conditioning of the electrode as previously explained in section 4.3.2.2. The resulting 

concentrations for the second set of SWASVs using the same methodology was 188.3 ± 

30.1 µg/L As(III). The difference in the resulting calculations could be attributed to the 

As(III) oxidizing back to As(V) and also a changing electrode surface to include 

incomplete reconditioning back to a Au surface more amenable to arsenic deposition. The 

Siskiyon sample is in fair agreement with the first measurement (291.5 ± 46.5 µg/L) with 

that of ICP data as shown in Table 13 below. The ASV value is at the higher end of the 

ICP value. Assuming the reduction procedure is quantitative, the higher ASV value can 

be explained by the interferences from other electroactive metals from the real sample. 

Except Be, Al, Th, other metals in the table could be potential interfering ions. The 
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interference could be significant if the redox potential of As(III) is similar to that of the 

metals (within 200 mV). The small Cu peak in SWASV is due to very low (9 µg/L) Cu in 

the Siskiyon sample as shown in Table 13. The SWASV interference is significant with 

Bi, Se, Sb. Whereas, Fe is not a direct ASV interferent, it is being oxidized and reduced 

near the stripping signal for As(III) and Cu(II). This leads to a higher background signal 

as observed in most real samples studied. Therefore, SWASV analysis of real samples 

must be treated with caution if there are significant interference from other metals and in 

particular when the As(III)/(V) concentration is low. 

 

 

Figure 83. SWASV runs of the Siskiyon Mountain water sample. The signal shows significant periodic 

random and systematic noise even when the sampling involved 17 ms integration. Red and blue 

differentiate two different ASV runs. 
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Figure 84. Additional Siskiyon Mountain water sample runs. The difference in the resulting 

voltammograms could be attributed to the As(III) oxidizing back to As(V) and also a changing electrode 

surface to include incomplete reconditioning back to a Au surface more amenable to arsenic deposition. 

The initial noise is attributed to the hydrogen micro-bubbles produced during arsenic deposition. 

 

The second real sample is a municipality water sample treated for the removal of 

arsenic that was obtained from Turkey for multielement analysis by ICP. The same 

reduction procedure as described above was employed for these samples. Figure 85 is a 

voltammogram for this sample. The single point calibration calculation was performed 

resulting in a As(III) concentration of 1100.0 ± 176.0 µg/L. The actual concentration as 

determined by ICP was 286.0 ± 5.6 µg/L. It is probable that the interferences from other 

electroactive metals, as discussed above, in the real sample contributed to the total 

concentration calculation. The blue high-lighted concentrations (As, Se, Bi, Sb and Tl) in 

Table 13 for the TW sample total 1503.0 µg/L.  
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Figure 85. Treated Water (TW) from Turkey sample. The large hump-like peak with the As(III) signal on 

top is attributable to the interfering metals oxidizing and contributing to the total signal. Se, Bi, Sb and Tl 

contributed approximately 1500 µg/L. See Table 13 for a summary of ICP results and contributing metals. 

 

A third real sample from Natron Valley, EG was analyzed with SWASV. Figure 

86 is a representative voltammogram. The calculated concentration of As(III) was 215.0 

± 21 µg/L, the actual concentration was 70.0 ± 1.4 µg/L. Again, interfering electroactive 

species probably contributed to the increased concentration. Table 14 contains the Natron 

Valley ICP analysis. The total contribution from all highlighted metals is 251.0 ± 5.0 

µg/L.  
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Figure 86. Natron Valley, Egyptian (EG) water sample. 
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Table 13. Summary data from ICP analysis of Turkish Water (TW) and Siskiyon samples. This analysis 

was performed on Spectro-ARCOS ICP Spectrometer at CCWST, GMU. Standard ICP calibrations were 

accepted for r
2
 = 0.9998. The maximum error in analysis is 2%. Detection limits are shown with “<” and 

beyond the calibration range is by “ >”. 

ICP Analysis Max error 2%. Calibration r^2 > 0.9998 
   

         

Sample 

Turkey - 
not 
treated, 
mg/L 

Turkey 
treated, 
mg/L 

    

Sample 
Siskyan 

Mt 

As 0.328 0.268 
    

Type mg/L 

Be 0.001 0.001 
    

As 0.256 

Cr 0.008 0.009 
    

Be 0.001 

Co 0.017 0.02 
    

Cr 0.008 

Cu < -0.009 < -0.009 
    

Co < 0.004 

Fe < -0.024 0.252 
    

Cu 0.009 

Pb 0.114 0.1 
    

Fe 0.301 

Mn 0.002 0.018 
    

Pb 0.035 

Zn 0.009 0.013 
    

Mn 0.005 

Al < -0.000 < 0.003 
    

Zn 0.004 

V 0.021 0.008 
    

Al 0.192 

Se 0.335 0.311 
    

V 0.005 

Bi 0.115 0.107 
    

Se 0.04 

Th 0.026 0.027 
    

Bi 0.03 

U 0.076 0.29 
    

Th 0.035 

Sb 0.472 0.477 
    

U > 0.745 

Ba 0.071 0.06 
    

Sb 0.072 

B > 0.916 > 0.936 
      Cd 0.01 0.01 
      Ca > 4.552 > 4.552 
      Li 0.245 0.244 
      Mg > 14.522 > 14.534 
      Mo 0.056 0.053 
      Ni 0.035 0.041 
      K > 16.937 > 16.863 
      Si > 22.965 > 20.929 
      Ag < 0.005 < 0.005 
      Na > 70.451 > 70.134 
      Sr 0.427 0.419 
      Tl 0.428 0.34 
      Sn 0.171 0.166 
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Table 14. Sample from Natron Valley, EG ICP data. 

Element 

GW from 
Natron 
Valley  
60m 
mg/L 

    

Ag 328.068 < -0.000 

Al 167.078 > 1.744 

As 189.042 0.07 

B 249.773 0.129 

Ba 455.404 0.037 

Be 313.042 0.001 

Bi 223.061 0.011 

Ca 396.847 > 3.824 

Cd 214.438 0 

Co 228.616 0.001 

Cr 267.716 < 0.000 

Cu 324.754 < 0.009 

Fe 239.562 < 0.023 

K 766.491 > 6.271 

Li 670.780 0.01 

Mg 279.553 > 3.549 

Mn 257.611 <0 

Mo 202.095 0.009 

Na 589.592 > 86.314 

Ni 231.604 < 0.002 

P 177.495 0.96 

Pb 220.353 0.01 

Sb 206.833 0.059 

Se 196.090 0.032 

Si 251.612 > 11.172 

Sn 189.991 0.059 

Sr 407.771 0.092 

Th 401.913 0.002 

Tl 190.864 0.069 

U 367.007 0.003 

V 292.464 0.001 

Zn 213.856 < 0.003 
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Figure 87. GMU tap water with less than 50 ug/L As(III). Successive additions of As(III) to the tap water 

sample (final As(III) concentrations are shown to the right of the voltammograms: 50-480 µg/L). The large 

peaks centered at approximately 0.290 V are Cu(II) contamination as previously discussed. The Cu(II) 

signal decreased as a result of the formation of Cu3As2 as the As(III) concentration increased. 

 

In a final real sample analysis, a 10 mL drinking fountain sample was acidified to 

0.14 M HCl and As(III) at increasing concentrations was added. Figure 87 is a composite 

of voltammograms for concentration 50 - 480 µg/L (see Figure 87 filenames for 

concentration values listed to the right of the plot). The upper most (red) curve is the 

fountain sample with no apparent As(III) above 50 µg/L. The decreasing peaks at 

approximately 0.290 V are believed to be Cu(II) and are decreasing as As(III) 

concentration is increased. This is probably a direct result of the formation of the 

intermetallic compound Cu3As2 as previously cited in section 4.5.1.1.  
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5. CONCLUSIONS AND FUTURE OUTLOOK 

5.1 Conclusions 

In the final analysis, trace detection of arsenic is completely possible with a flow 

cell as discussed in the initial proposal of this research. One of the primary limitations 

discovered and awaiting further research is the analysis of real samples with quantifiable 

and repeatable results.  

Results from a calibration curve experiment for 10, 30, 50 - 100 µg/L As(III), at a 

100 sec td yielded an R
2
 of 97%. Trace detection of arsenic at approximately 10 µg/L in 

laboratory samples was very successful and repeatable as evidenced in the 

aforementioned calibration curve multi-experiment where deposition times of 10, 20, 30, 

60 and 100 sec were employed. The R
2
 of all curves plotted simultaneously was 83%. 

The literature is replete with research that employs a GCE with a thin film of Au 

deposited on the surface as the most repeatable construct for trace detection of 

electrochemically active species in ground water samples Rasul et al.
12

. 

Additionally, an important aspect of this research is electrode conditioning and 

treatment and how to mitigate, if possible, deformations or changes in the electrode 

surface before, during and after stripping analysis. CV was employed as the procedure to 

check electrode surfaces and was conducted well over 200 times throughout this research. 

It is imperative that the electrode surface be checked regularly for passivity. 
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This work was motivated by the significant arsenic contamination of the ground 

waters in many foreign countries and used by many people. Detection and measurement 

are obviously the primary focus in mitigating the groundwater arsenic contamination 

problem. One must be able to measure inorganic arsenic at the µg/L (ppb) levels with 

good repeatability and cost effectiveness to help solve this worldwide problem. A 

deployable, robust system, which can be used multiple times with multiple flow cells, is 

one possible answer to this problem.  

A multitude of electrochemical parameters were investigated so as to determine 

the most suitable combination of settings to perform anodic stripping voltammetry of 

trace arsenic solutions. Specifically, deposition times of 30 – 100 sec, electrolyte 

concentrations of 0.1 – 3.0 M. Additionally, three (3) different diameters of gold wire 

were investigated for use in flow cells. These diameters were 25, 50 and 100 µm. Good 

results were obtained with all three diameters. 100 µm wire was selected to be used for 

most of the final experiments because it is much easier to fabricate a flow cell with than 

the 50 or 25 µm diameter wires and returned valid repeatable results. The 25 µm wire is 

the least preferable given the frequency with which this wire breaks during fabrication of 

multiple flow cells. The literature contains many different combinations of 

electrochemical parameters for use in ASV. The results of this research indicate that 

deposition times of 30 – 100 sec were the most successful choices and specifically, 30, 

50, 60 and 100 sec were used throughout. Deposition potentials were varied throughout 

this research and those employed for most analyses fell between -0.40 and -0.25 V. This 

potential range proved the most successful and avoided the production of hydrogen at the 
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electrode surface. Higher deposition potentials and scanning ranges were tested as 

reported in the literature with limited success. 

Mineral acid type was investigated for use in this research and possible follow on 

work in the field. Hydrochloric, phosphoric, nitric and sulfuric acids were used in 

separate calibration experiments with good results (see section 6.4.1). Hydrochloric acid 

was selected as the preferred acid for stripping voltammetry given its usage throughout 

the literature as the acid of choice. The chloride ion may facilitate the reduction of cations 

by forming an ionic bridge
6
 between the electrode surface and the analyte to be reduced. 

Additionally, the HCl acid run resulted in the best fit of the data. Hydrochloric acid also 

produced the most sensitive and repeatable results and was employed for most of this 

research. 

The pitting as delineated in the below graphics is of major concern in the 

designing and fabrication of flow cell working electrodes that will provide repeatable 

results. Figure 88 depicts a section of 50 µm diameter Au wire before any 

electrochemical experiments. The striations evident in the left hand photo are probably a 

result of the manufacturing process. Figure 89 shows the same 50 µm diameter Au wire 

after extensive ASV. 
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Figure 88. Scanning electron micrographs of 50 um Au wire prior to any electrochemical experimentation. 

Both photographs are of the same sample of Au wire. Magnifications are 4080x and 1180x respectively.  

 

  

Figure 89. Scanning electron micrographs after extensive ASV. Significant pitting is evident in the surface 

of this WE. Magnifications are 1790x for the left photograph and 3000x for the right photograph. The 

estimated width of the pitting is about 1 µm or less. Depth could not be determined. 

 

 



172 

It is not completely understood what effect the deposition and stripping of As(0) 

↔ As(III) has on the surface of an electrode that is not consistent in its morphology as 

more electrochemistry is accomplished with the same electrode. It is possible that the 

pitting evidenced in the electron micrographs could trap arsenic atoms in the cavity thus 

inhibiting that specific surface point from receiving another arsenic cations for reduction 

due to Donnan exclusion and the formation of an Au(As) amalgam. These openings are 

probably less than 0.5 µm in length and probably closer to 0.1 µm with an undetermined 

depth. These are approximations based on a graphical comparison but an approximation 

of only 10 – 15% pitting of the surface area coverage could easily affect the repeatability 

of the results. 

Real world water samples were tested in a single point standard addition 

experiment and yielded the following results: the Siskiyon Valley, WA, USA water 

sample concentration was 256.0 µg/L ± 5.0, the calculated single point standard addition 

concentration was 291.5 ± 46.6 µg/L As(III) for the initial run and 188 ± 30.1 µg/L 

As(III) for the follow on analysis. The Treated Water (TW) sample form Turkey and the 

Natron Valley, EG samples yielded 1100.0 ± 176.0 µg/L and 215 ± 34.4 µg/L 

respectively. A George Mason University (GMU) water fountain sample showed less 

than 50 µg/L As(III). These high values of calculated As(III) concentrations are probably 

the result of contributing electroactive metals identified in the ICP analysis. Cu(II) was 

present in multiple analyses but was shown to not interfere with the stripping of As(III). 

Other electroactive metals with a stripping potential near that of As(III) (within 200 mV), 

i.e. Bi(II), Pb(III), Sb(II) and Se(II) probably masked the As(III) stripping signal. 
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5.2 Future considerations 

Electrode surface condition is one of the primary findings of this research as 

evidenced in the electron micrographs of the 50 µm diameter Au wire and the results of 

the real sample analyses. Additional SEM research to elucidate the Au surface pitting is 

certainly warranted. This pitting may be mitigated by the codeposition of Au on the 

electrodes during experimental runs and these experiments can be planned and executed 

with relative ease. 

Consequently, a possible additional avenue of experimentation based on this 

research is a set of experiments employing 25, 50 and 100 µm Au wire as the working 

electrodes in flow cells enhanced with the deposition of a thin film of Au particles from 

Au(III) on each wire between each set of electrochemical runs to reduce pitting. This type 

of methodology is replete throughout the literature in the use of glassy carbon button 

electrodes
12

. Analytical runs would be performed as normally conducted in this research 

until peak current appears to decrease, then the gold deposition experiment is performed 

and the same set of analytical runs is carried out. One should also perform a set of 

experiments without deposition of Au on the wire electrodes then repeat the experiments 

after deposition regardless of experimental output. This might in effect repair the Au 

surface by providing more sites that would be receptive to the reduction and subsequent 

oxidation of arsenic atoms during anodic stripping voltammetry. 

An additional area of study not addressed in this research was the dynamics of the 

fluid in the flow cell as it flowed. The working electrodes in this research were positioned 

in a longitudinal fashion, i.e. aligned in the same direction as the flow of analyte. 
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Whether this enhanced or was detrimental to the deposition and stripping processes is 

unknown. Mass transfer and flow dynamics by computational simulation are essential to 

determine an appropriate flow cell geometry, position of the WE within the flow cell for 

future studies. These studies are easily realizable with relatively inexpensive off the shelf 

software. 

Additional discovered considerations of this research include the fabrication of a 

multi-channel flow cell to facilitate throughput analysis time of multiple samples. In 

addition to the possibility of designing a disposable or throw away flow cell that is 

biodegradable.  

A significant and very important future consideration resulting from this research 

is the interference by other cations in solution, i.e. Bi, Sb, Se, Tl and Cu. The Bi, Sb, Se 

and Tl did interfere with the As(III) analysis of the real samples as discussed in the 

results section and must be considered in any future flow cell analysis of real samples. Cu 

has been addressed throughout this research and although an interferent was shown to not 

significantly detract from the As(III) analysis in this work. The formation of the 

intermetallic compoundCu3As2 is probably the most significant since it is found in 

relative high levels in the most of the world’s water supplies. Dai and Compton
35

 report 

Cu(II) presents a more serious interference problem in arsenic detection. On a gold macro 

electrode, it codeposits with As(III) during the pre-deposition step and forms the above 

intermetallic compound - Cu3As2 as previously cited in this research. The stripping peak 

of Cu(II) is seen at a similar but slightly more positive potential (approx. 300 mV vs. 

SCE) than the As(III) stripping peak with 1.0 M HCl as the electrolyte, when 1.0 M 
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HNO3 was employed as the electrolyte the peak separation was considerably less and 

hence more of an interferent. If the concentration of Cu(II) is sufficiently high then the 

stripping peak of Cu(II) may partially mask the As(III) signal. Li
22

 in his dissertation 

reports the use of EDTA as a chelating agent to get rid of the interfering ions Fe(III) and 

Cu(II) which were effectively eliminated. Feeney and Kounaves
93

 in their work with 

microfabicated Au ultramicroelectrode arrays report that the Pb and Hg can interfere by 

competing for sites on the gold surface without forming an intermetallic compound.  
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6. APPENDIX 

6.1 CV analysis table 

 

Table 15. Compiled CV data. 

Run 

No. 

Peak 

Potential 

(Ox)  V 

Peak 

Current 

(Ox)  A 

Peak 

Area 

(Ox) C 

Peak 

Potential 

(Red)  V 

Peak 

Current 

(Red)  A 

Peak 

Area 

(Red) C 

Sfc 

Area 

(Ox)  

cm2 

Sfc 

Area 

(Red) 

cm2 

Electrode 

length 

cm 

Geometric 

Area cm2 

Roughness 

Factor 

(Ox) 

Roughness 

Factor 

(Red) 

1 1.241 2.999E-06 

3.602E-

06 0.891 

3.068E-

06 

2.013E-

06 0.0080 0.0045 1.0000 0.0314 0.2546 0.1432 

2 1.234 6.960E-06 

8.892E-

06 0.895 

2.912E-

06 

1.999E-

06 0.0198 0.0044 1.0000 0.0314 0.6303 0.1401 

3 1.318 5.127E-06 

3.968E-

06 0.928 

1.890E-

06 

1.189E-

06 0.0088 0.0026 1.1000 0.0346 0.2546 0.0752 

4 1.310 1.115E-05 

1.196E-

05 0.934 

1.356E-

06 

5.304E-

07 0.0266 0.0012 1.1000 0.0346 0.7697 0.0347 

5 1.374 9.893E-06 

1.269E-

05 0.925 

1.026E-

06 

4.162E-

07 0.0282 0.0009 1.1000 0.0346 0.8160 0.0260 

6 1.272 7.514E-07 

5.726E-

07 0.877 

4.804E-

06 

4.012E-

06 0.0013 0.0089 1.1000 0.0346 0.0376 0.2575 

7 1.285 4.436E-06 

4.304E-

06 0.925 

2.520E-

06 

1.586E-

06 0.0096 0.0035 1.1000 0.0346 0.2778 0.1013 

8 1.294 2.053E-06 

1.980E-

06 0.925 

1.516E-

06 

7.917E-

07 0.0044 0.0018 1.1000 0.0346 0.1273 0.0521 

9 1.312 2.200E-06 

2.110E-

06 0.932 

1.407E-

06 

7.831E-

07 0.0047 0.0017 1.1000 0.0346 0.1360 0.0492 

10 1.277 2.513E-06 

2.186E-

06 0.924 

1.546E-

06 

7.607E-

07 0.0049 0.0017 1.1000 0.0346 0.1418 0.0492 

11 1.257 7.523E-07 

4.924E-

07 0.877 

4.804E-

06 

4.012E-

06 0.0011 0.0089 1.1000 0.0346 0.0318 0.2575 

12 1.278 2.499E-06 

2.325E-

06 0.926 

1.696E-

06 

8.441E-

07 0.0052 0.0188 1.1000 0.0346 0.1505 0.5440 

13 1.264 2.788E-06 

2.374E-

06 0.930 

1.764E-

06 

8.181E-

07 0.0053 0.0182 1.1000 0.0346 0.1534 0.5267 

14 1.269 2.931E-06 

2.624E-

06 0.927 

1.939E-

06 

1.052E-

06 0.0058 0.0023 1.1000 0.0346 0.1678 0.0666 

15 1.398 1.096E-06 

7.344E-

07 0.861 

3.324E-

06 

2.439E-

06 0.0163 0.0054 1.1000 0.0346 0.4717 0.1563 

16 1.409 9.619E-06 

1.470E-

05 0.868 

5.751E-

06 

4.353E-

06 0.0033 0.0097 0.9000 0.0283 0.1167 0.3431 

17 1.307 3.840E-06 

4.110E-

06 0.880 

3.673E-

06 

3.628E-

06 0.0091 0.0081 0.9000 0.0283 0.3218 0.2865 

18 1.236 5.980E-07 

3.217E-

07 0.931 

4.158E-

06 

3.375E-

06 0.0007 0.0075 0.9000 0.0283 0.0248 0.2653 

19 1.216 4.650E-07 

1.796E-

07 0.931 

4.136E-

06 

3.234E-

06 0.0004 0.0072 0.9000 0.0283 0.0141 0.2546 

20 1.222 2.943E-07 

1.356E-

07 0.935 

4.160E-

06 

3.315E-

06 0.0003 0.0073 0.9000 0.0283 0.0106 0.2582 

21 1.322 1.258E-05 

1.940E-

05 0.945 

5.387E-

06 

4.079E-

06 0.0431 0.0091 0.9000 0.0283 1.5243 0.3218 

22 1.339 1.657E-05 

2.779E-

05 0.942 

5.941E-

06 

4.278E-

06 0.0618 0.0095 0.9000 0.0283 2.1857 0.3360 

23 1.316 1.731E-05 

2.832E-

05 0.938 

5.986E-

06 

4.302E-

06 0.0629 0.0096 0.9000 0.0283 2.2246 0.3395 

24 1.289 1.625E-05 

2.344E-

05 0.935 

5.016E-

06 

2.698E-

06 0.0521 0.0060 0.9000 0.0283 1.8427 0.2122 
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Run 

No. 

Peak 

Potential 

(Ox)  V 

Peak 

Current 

(Ox)  A 

Peak 

Area 

(Ox) C 

Peak 

Potential 

(Red)  V 

Peak 

Current 

(Red)  A 

Peak 

Area 

(Red) C 

Sfc 

Area 

(Ox)  

cm2 

Sfc 

Area 

(Red) 

cm2 

Electrode 

length 

cm 

Geometric 

Area cm2 

Roughness 

Factor 

(Ox) 

Roughness 

Factor 

(Red) 

25 1.307 1.891E-05 

3.080E-

05 0.935 

5.242E-

06 

2.868E-

06 0.0684 0.0064 0.9000 0.0283 2.4191 0.2264 

26 1.354 5.523E-06 

8.101E-

06 0.955 

3.015E-

06 

1.966E-

06 0.0180 0.0043 0.9000 0.0283 0.6366 0.1521 

27 1.463 3.993E-06 

3.190E-

06 0.876 

6.453E-

06 

5.405E-

06 0.0071 0.0120 0.9000 0.0283 0.2511 0.4244 

28 1.298 1.258E-06 

1.117E-

06 0.894 

3.218E-

06 

3.575E-

06 0.0025 0.0079 0.9000 0.0283 0.0884 0.2794 

29 1.286 2.470E-06 

2.414E-

06 0.878 

4.356E-

06 

3.736E-

06 0.0054 0.0083 0.9000 0.0283 0.1910 0.2936 

30 1.270 3.314E-06 

3.304E-

06 0.879 

4.681E-

06 

4.262E-

06 0.0073 0.0095 0.9000 0.0283 0.2582 0.3360 

31 1.200 2.709E-06 

1.384E-

06 0.884 

4.948E-

06 

4.507E-

06 0.0031 0.0100 0.9000 0.0283 0.1096 0.3537 

32 1.268 4.231E-06 

4.525E-

06 0.886 

4.600E-

06 

4.123E-

06 0.0101 0.0092 0.9000 0.0283 0.3572 0.3254 

33 1.282 4.784E-06 

6.176E-

06 0.887 

4.393E-

06 

3.721E-

06 0.0137 0.0083 0.9000 0.0283 0.4845 0.2936 

34 1.306 3.711E-05 

5.975E-

05 0.881 

3.469E-

06 

2.607E-

06 0.1328 0.0058 0.9000 0.0283 4.6968 0.2051 

35 1.373 5.029E-05 

7.728E-

05 0.901 

2.729E-

06 

2.066E-

06 0.1717 0.0046 0.9000 0.0283 6.0726 0.1627 

36 1.402 9.306E-05 

1.749E-

04 0.850 

3.968E-

06 

9.970E-

07 0.3887 0.0022 0.9000 0.0283 13.7474 0.0778 

37 1.419 6.036E-06 

6.216E-

06 0.908 

1.031E-

05 

7.923E-

06 0.0138 0.0176 0.9000 0.0283 0.4881 0.6225 

38 1.427 4.751E-06 

5.489E-

06 0.917 

8.651E-

06 

6.393E-

06 0.0122 0.0142 0.9000 0.0283 0.4315 0.5022 

39 1.406 2.072E-06 

1.086E-

06 0.931 

6.712E-

06 

5.450E-

06 0.0024 0.0121 0.9000 0.0283 0.0849 0.4279 

40 1.294 4.297E-05 

6.609E-

05 0.925 

1.085E-

06 

9.172E-

07 0.1468 0.0020 1.1000 0.0346 4.2480 0.0579 

41 1.374 2.028E-05 

2.443E-

05 0.910 

2.851E-

06 

2.144E-

06 0.0543 0.0048 1.1000 0.0346 1.5713 0.1389 

42 1.363 4.678E-05 

7.744E-

05 0.922 

3.136E-

06 

2.347E-

06 0.1721 0.0053 1.1000 0.0346 4.9801 0.1534 

43 1.361 4.895E-05 

8.614E-

05 0.921 

3.165E-

06 

2.271E-

06 0.1914 0.0051 1.1000 0.0346 5.5386 0.1476 

44 1.357 5.203E-05 

9.123E-

05 0.922 

3.194E-

06 

2.236E-

06 0.2027 0.0050 1.1000 0.0346 5.8656 0.1447 

45 1.364 5.413E-05 

9.865E-

05 0.923 

3.296E-

06 

2.325E-

06 0.2192 0.0052 1.1000 0.0346 6.3430 0.1505 

46 1.362 5.662E-05 

1.033E-

04 0.923 

3.384E-

06 

2.463E-

06 0.2295 0.0055 1.1000 0.0346 6.6411 0.1592 

47 1.357 1.665E-05 

2.567E-

05 0.794 

3.029E-

06 

2.442E-

06 0.0057 0.0054 1.1000 0.0346 0.1649 0.1563 

48 1.452 1.899E-05 

4.506E-

05 0.802 

2.449E-

06 

1.896E-

06 0.0100 0.0042 1.1000 0.0346 0.2894 0.1215 

49 1.443 2.292E-05 

5.462E-

05 0.806 

2.612E-

06 

1.997E-

06 0.1214 0.0044 1.1000 0.0346 3.5130 0.1273 

50 1.442 2.441E-05 

6.039E-

05 0.807 

2.881E-

06 

2.252E-

06 0.1342 0.0050 1.1000 0.0346 3.8834 0.1447 

51 1.438 2.414E-05 

5.689E-

05 0.811 

3.039E-

06 

2.339E-

06 0.1264 0.0052 1.1000 0.0346 3.6577 0.1505 

52 1.452 2.334E-05 

6.147E-

05 0.809 

3.075E-

06 

2.502E-

06 0.1366 0.0056 1.1000 0.0346 3.9528 0.1620 

53 1.455 2.080E-05 

5.371E-

05 0.811 

3.080E-

06 

2.484E-

06 0.1194 0.0055 1.1000 0.0346 3.4551 0.1592 

54 1.428 2.784E-06 

2.209E-

06 0.836 

2.599E-

06 

1.893E-

06 0.0049 0.0042 1.1000 0.0346 0.1418 0.1215 

55 1.368 3.001E-06 

2.440E-

06 0.724 

6.925E-

06 

7.051E-

06 0.0054 0.0157 1.1000 0.0346 0.1563 0.4543 

56 1.314 2.470E-06 

1.963E-

06 0.738 

7.664E-

06 

7.229E-

06 0.0044 0.0161 1.1000 0.0346 0.1273 0.4659 

57 1.297 2.532E-06 

1.997E-

06 0.750 

8.358E-

06 

7.573E-

06 0.0044 0.0168 1.1000 0.0346 0.1273 0.4861 

58 1.290 2.550E-06 

2.202E-

06 0.750 

8.573E-

06 

7.851E-

06 0.0049 0.0175 1.1000 0.0346 0.1418 0.5064 

59 1.269 2.776E-06 

2.029E-

06 0.751 

8.638E-

06 

7.801E-

06 0.0045 0.0173 1.1000 0.0346 0.1302 0.5006 

60 1.269 2.861E-06 

2.239E-

06 0.755 

8.753E-

06 

7.630E-

06 0.0050 0.0170 1.1000 0.0346 0.1447 0.4919 

61 1.276 2.820E-06 

2.571E-

06 0.755 

9.025E-

06 

8.239E-

06 0.0057 0.0183 1.1000 0.0346 0.1649 0.5296 

62 1.247 8.344E-06 8.818E- 0.927 2.266E- 1.662E- 0.0196 0.0037 0.9000 0.0283 0.6932 0.1309 
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Run 

No. 

Peak 

Potential 

(Ox)  V 

Peak 

Current 

(Ox)  A 

Peak 

Area 

(Ox) C 

Peak 

Potential 

(Red)  V 

Peak 

Current 

(Red)  A 

Peak 

Area 

(Red) C 

Sfc 

Area 

(Ox)  

cm2 

Sfc 

Area 

(Red) 

cm2 

Electrode 

length 

cm 

Geometric 

Area cm2 

Roughness 

Factor 

(Ox) 

Roughness 

Factor 

(Red) 

06 06 06 

63 1.314 9.473E-06 

1.017E-

05 0.928 

1.759E-

06 

1.292E-

06 0.0226 0.0029 0.9000 0.0283 0.7993 0.1026 

64 1.288 8.175E-06 

9.521E-

06 0.929 

1.919E-

06 

1.475E-

06 0.0212 0.0033 0.9000 0.0283 0.7498 0.1167 

65 1.275 1.512E-05 

1.864E-

06 0.964 

1.598E-

06 

1.219E-

06 0.0041 0.0027 0.9000 0.0283 0.1450 0.0955 

66 1.275 1.372E-05 

1.745E-

05 0.967 

1.650E-

06 

1.282E-

06 0.0388 0.0029 0.9000 0.0283 1.3723 0.1026 

67 1.220 3.755E-06 

3.778E-

06 0.757 

5.592E-

06 

5.187E-

06 0.0084 0.0115 0.9000 0.0283 0.2971 0.4067 

68 1.257 1.380E-05 

2.285E-

05 0.785 

4.645E-

06 

3.913E-

06 0.0508 0.0087 0.9000 0.0283 1.7967 0.3077 

69 1.253 1.570E-05 

2.539E-

05 0.791 

4.603E-

06 

3.905E-

06 0.0564 0.0087 0.9000 0.0283 1.9947 0.3077 

70 1.280 1.829E-05 

3.219E-

05 0.794 

5.015E-

06 

4.186E-

06 0.0715 0.0093 0.9000 0.0283 2.5288 0.3289 

71 1.295 1.954E-05 

3.628E-

05 0.791 

5.274E-

06 

4.616E-

06 0.0806 0.0103 0.9000 0.0283 2.8506 0.3643 

72 1.291 2.077E-05 

3.754E-

05 0.793 

5.413E-

06 

4.519E-

06 0.0834 0.0100 0.9000 0.0283 2.9497 0.3537 

73 1.309 2.157E-05 

4.211E-

05 0.792 

5.495E-

06 

4.571E-

06 0.0936 0.0102 0.9000 0.0283 3.3104 0.3608 

74 1.334 2.245E-05 

4.686E-

05 0.800 

5.311E-

06 

4.385E-

06 0.1041 0.0097 0.9000 0.0283 3.6818 0.3431 

75 1.311 2.374E-05 

4.520E-

05 0.801 

5.554E-

06 

4.572E-

06 0.1004 0.0102 0.9000 0.0283 3.5509 0.3608 

76 1.299 2.237E-05 

4.019E-

05 0.795 

5.964E-

06 

4.985E-

06 0.0893 0.0111 0.9000 0.0283 3.1583 0.3926 

77 1.397 3.058E-05 

6.837E-

05 0.814 

4.477E-

06 

3.688E-

06 0.1519 0.0082 0.9000 0.0283 5.3724 0.2900 

78 1.375 3.070E-05 

6.952E-

05 0.810 

5.278E-

06 

4.296E-

06 0.1545 0.0096 0.9000 0.0283 5.4643 0.3395 

79 1.360 3.230E-05 

6.962E-

05 0.807 

5.657E-

06 

4.636E-

06 0.1539 0.0103 0.9000 0.0283 5.4431 0.3643 

80 1.417 2.795E-05 

6.375E-

05 0.820 

2.811E-

06 

2.298E-

06 0.0142 0.0051 0.9000 0.0283 0.5022 0.1804 

81 1.411 3.434E-05 

8.466E-

05 0.818 

3.416E-

06 

2.620E-

06 0.1881 0.0058 0.9000 0.0283 6.6527 0.2051 

82 1.395 3.512E-05 

8.424E-

05 0.812 

3.586E-

06 

3.004E-

06 0.1872 0.0067 0.9000 0.0283 6.6208 0.2370 

83 1.395 4.046E-05 

9.204E-

05 0.802 

5.563E-

06 

4.766E-

06 0.2045 0.0106 0.9000 0.0283 7.2327 0.3749 

84 1.418 4.049E-05 

1.008E-

04 0.809 

5.415E-

06 

4.331E-

06 0.2240 0.0096 0.9000 0.0283 7.9224 0.3395 

85 1.418 2.966E-05 

7.007E-

05 0.829 

2.571E-

06 

1.922E-

06 0.1557 0.0043 0.9000 0.0283 5.5067 0.1521 

86 1.414 3.627E-05 

8.783E-

05 0.823 

3.294E-

06 

2.510E-

06 0.1952 0.0056 0.9000 0.0283 6.9038 0.1981 

87 1.420 3.869E-05 

9.779E-

05 0.821 

4.077E-

06 

3.215E-

06 0.2173 0.0071 0.9000 0.0283 7.6854 0.2511 

88 1.358 3.979E-05 

8.846E-

05 0.804 

6.113E-

06 

4.915E-

06 0.1966 0.0109 0.9000 0.0283 6.9533 0.3855 

89 1.374 4.489E-05 

1.064E-

04 0.805 

6.279E-

06 

5.084E-

06 0.2364 0.0113 0.9000 0.0283 8.3609 0.3997 

90 1.381 4.667E-05 

1.120E-

04 0.806 

6.383E-

06 

5.182E-

06 0.2489 0.0115 0.9000 0.0283 8.8030 0.4067 

91 1.414 4.693E-05 

1.115E-

04 0.818 

5.215E-

06 

4.142E-

06 0.2478 0.0092 0.9000 0.0283 8.7641 0.3254 

92 1.402 5.161E-05 

1.236E-

04 0.815 

5.876E-

06 

4.668E-

06 0.2747 0.0104 0.9000 0.0283 9.7155 0.3678 

93 1.408 5.387E-05 

1.339E-

04 0.811 

6.032E-

06 

5.018E-

06 0.2976 0.0112 0.9000 0.0283 10.5254 0.3961 

94 1.192 2.795E-06 

2.464E-

06 0.757 

6.732E-

06 

6.381E-

06 0.0055 0.0142 0.9000 0.0283 0.1945 0.5022 

95 1.205 1.084E-05 

1.536E-

05 0.794 

5.327E-

06 

4.278E-

06 0.0341 0.0095 0.9000 0.0283 1.2060 0.3360 

96 1.203 6.628E-06 

6.478E-

06 0.773 

6.760E-

06 

6.269E-

06 0.0144 0.0147 0.9000 0.0283 0.5093 0.5199 

97 1.349 1.222E-05 

7.368E-

06 0.807 

2.329E-

06 

2.209E-

06 0.0164 0.0049 0.9000 0.0283 0.5800 0.1733 

98 1.245 8.990E-06 

1.314E-

05 0.786 

4.095E-

06 

3.657E-

06 0.0292 0.0081 0.9000 0.0283 1.0327 0.2865 

99 1.213 1.220E-05 

1.595E-

05 0.796 

5.278E-

06 

4.407E-

06 0.0035 0.0098 0.9000 0.0283 0.1238 0.3466 
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Run 

No. 

Peak 

Potential 

(Ox)  V 

Peak 

Current 

(Ox)  A 

Peak 

Area 

(Ox) C 

Peak 

Potential 

(Red)  V 

Peak 

Current 

(Red)  A 

Peak 

Area 

(Red) C 

Sfc 

Area 

(Ox)  

cm2 

Sfc 

Area 

(Red) 

cm2 

Electrode 

length 

cm 

Geometric 

Area cm2 

Roughness 

Factor 

(Ox) 

Roughness 

Factor 

(Red) 

100 1.216 1.314E-05 

1.714E-

05 0.795 

5.215E-

06 

4.256E-

06 0.0382 0.0095 0.9000 0.0283 1.3510 0.3360 

101 1.235 1.421E-05 

2.059E-

05 0.791 

5.232E-

06 

4.601E-

06 0.0458 0.0102 0.9000 0.0283 1.6198 0.3608 

102 1.233 6.799E-07 

3.198E-

07 0.776 

5.335E-

06 

4.991E-

06 0.0007 0.0111 0.9000 0.0283 0.0248 0.3926 

103 1.227 1.119E-05 

1.644E-

05 0.785 

9.104E-

07 

7.387E-

07 0.0365 0.0016 0.9000 0.0283 1.2909 0.0566 

104 1.242 1.223E-05 

1.898E-

05 0.795 

1.169E-

06 

6.629E-

07 0.0422 0.0015 0.9000 0.0283 1.4925 0.0531 

105 1.267 1.635E-05 

2.778E-

05 0.797 

5.346E-

06 

4.444E-

06 0.0617 0.0099 0.9000 0.0283 2.1822 0.3501 

106 1.263 1.749E-05 

2.796E-

05 0.796 

5.440E-

06 

4.642E-

06 0.0621 0.0103 0.9000 0.0283 2.1963 0.3643 

107 1.279 1.867E-05 

3.212E-

05 0.800 

5.676E-

06 

4.660E-

06 0.0714 0.0104 0.9000 0.0283 2.5253 0.3678 

108 1.277 1.981E-05 

3.322E-

05 0.797 

5.811E-

06 

5.015E-

06 0.0738 0.0111 0.9000 0.0283 2.6101 0.3926 

109 1.290 2.015E-05 

3.911E-

05 0.794 

5.694E-

06 

4.650E-

06 0.0869 0.0103 0.9000 0.0283 3.0735 0.3643 

110 1.193 6.705E-06 

7.961E-

06 0.786 

4.967E-

07 

2.780E-

07 0.0177 0.0006 0.9000 0.0283 0.6260 0.0212 

111 1.210 5.702E-07 

3.119E-

07 0.776 

5.339E-

06 

5.034E-

06 0.0007 0.0112 0.9000 0.0283 0.0248 0.3961 

112 1.207 1.041E-05 

1.400E-

05 0.802 

4.757E-

06 

3.686E-

06 0.0311 0.0082 0.9000 0.0283 1.0999 0.2900 

113 1.196 7.645E-06 

9.346E-

06 0.793 

5.035E-

06 

4.195E-

06 0.0208 0.0093 0.9000 0.0283 0.7356 0.3289 

114 1.218 1.268E-05 

1.763E-

05 0.808 

4.986E-

06 

3.763E-

06 0.0392 0.0084 0.9000 0.0283 1.3864 0.2971 

115 1.225 1.364E-05 

1.954E-

05 0.809 

5.111E-

06 

3.877E-

06 0.0434 0.0086 0.9000 0.0283 1.5350 0.3042 

116 1.226 1.448E-05 

2.076E-

05 0.807 

5.149E-

06 

3.940E-

06 0.0461 0.0088 0.9000 0.0283 1.6305 0.3112 

117 1.233 1.526E-05 

2.285E-

05 0.806 

5.302E-

06 

4.226E-

06 0.0508 0.0094 0.9000 0.0283 1.7967 0.3325 

118 1.268 1.884E-05 

3.274E-

05 0.816 

4.693E-

06 

3.548E-

06 0.0728 0.0079 0.9000 0.0283 2.5748 0.2794 

119 1.254 1.695E-05 

2.767E-

05 0.815 

5.046E-

06 

3.799E-

06 0.0615 0.0084 0.9000 0.0283 2.1751 0.2971 

120 1.261 1.900E-05 

3.183E-

05 0.815 

5.095E-

06 

3.937E-

06 0.0707 0.0088 0.9000 0.0283 2.5005 0.3098 

121 1.264 1.992E-05 

3.382E-

05 0.815 

5.215E-

06 

3.936E-

06 0.0752 0.0087 0.9000 0.0283 2.6596 0.3077 

122 1.263 2.028E-05 

3.414E-

05 0.814 

5.444E-

06 

4.141E-

06 0.0759 0.0092 0.9000 0.0283 2.6844 0.3254 

123 1.265 2.106E-05 

3.599E-

05 0.812 

5.600E-

06 

4.316E-

06 0.0800 0.0096 0.9000 0.0283 2.8294 0.3395 

124 1.328 1.192E-07 

2.729E-

08 0.756 

4.638E-

06 

4.671E-

06 0.0001 0.0104 0.9000 0.0283 0.0021 0.3678 

125 1.175 6.344E-06 

7.324E-

06 0.812 

3.989E-

06 

2.833E-

06 0.0163 0.0063 0.9000 0.0283 0.5765 0.2228 

126 1.179 3.643E-06 

4.364E-

06 0.763 

4.500E-

06 

4.826E-

06 0.0097 0.0107 0.9000 0.0283 0.3431 0.3784 

127 1.184 6.529E-06 

8.029E-

06 0.813 

4.341E-

06 

3.146E-

06 0.0178 0.0070 0.9000 0.0283 0.6295 0.2476 

128 1.188 6.642E-06 

8.223E-

06 0.811 

4.404E-

06 

3.241E-

06 0.0183 0.0072 0.9000 0.0283 0.6472 0.2546 

129 1.186 6.856E-06 

8.130E-

06 0.810 

4.525E-

06 

3.448E-

06 0.0181 0.0077 0.9000 0.0283 0.6402 0.2723 

130 1.181 8.686E-06 

9.828E-

06 0.813 

4.603E-

06 

3.368E-

06 0.0218 0.0075 0.9000 0.0283 0.7710 0.2653 

131 1.198 8.072E-06 

1.041E-

05 0.824 

2.992E-

06 

1.962E-

06 0.0231 0.0044 0.9000 0.0283 0.8170 0.1556 

132 1.342 8.767E-07 

3.979E-

07 0.785 

5.532E-

06 

4.525E-

06 0.0009 0.0101 0.9000 0.0283 0.0318 0.3572 

133 1.347 1.135E-06 

6.576E-

07 0.800 

5.351E-

06 

4.067E-

06 0.0015 0.0090 0.9000 0.0283 0.0531 0.3183 

134 1.347 1.129E-06 

6.618E-

07 0.802 

5.498E-

06 

4.096E-

06 0.0015 0.0091 0.9000 0.0283 0.0531 0.3218 

135 1.384 1.404E-06 

1.547E-

06 0.800 

5.558E-

06 

4.194E-

06 0.0034 0.0093 0.9000 0.0283 0.1203 0.3289 

136 1.343 1.156E-06 

6.732E-

07 0.801 

5.666E-

06 

4.298E-

06 0.0015 0.0096 0.9000 0.0283 0.0531 0.3395 

137 1.231 2.761E-06 2.032E- 0.833 1.998E- 1.763E- 0.0045 0.0039 0.9000 0.0283 0.1592 0.1379 
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Run 

No. 

Peak 

Potential 

(Ox)  V 

Peak 

Current 

(Ox)  A 

Peak 

Area 

(Ox) C 

Peak 

Potential 

(Red)  V 

Peak 

Current 

(Red)  A 

Peak 

Area 

(Red) C 

Sfc 

Area 

(Ox)  

cm2 

Sfc 

Area 

(Red) 

cm2 

Electrode 

length 

cm 

Geometric 

Area cm2 

Roughness 

Factor 

(Ox) 

Roughness 

Factor 

(Red) 

06 06 06 

138 1.222 4.230E-06 

3.428E-

06 0.837 

1.911E-

06 

1.653E-

06 0.0076 0.0037 0.9000 0.0283 0.2688 0.1309 

139 1.234 3.946E-06 

3.488E-

06 0.837 

1.953E-

06 

1.673E-

06 0.0078 0.0037 0.9000 0.0283 0.2759 0.1309 

140 1.220 4.368E-06 

3.575E-

06 0.839 

1.990E-

06 

1.616E-

06 0.0079 0.0036 0.9000 0.0283 0.2794 0.1273 

141 1.227 5.770E-06 

5.682E-

06 0.837 

1.922E-

06 

1.725E-

06 0.0126 0.0038 0.9000 0.0283 0.4456 0.1344 

142 1.368 6.131E-07 

3.437E-

07 0.774 

4.502E-

06 

3.869E-

06 0.0008 0.0086 0.9000 0.0283 0.0283 0.3042 

143 1.336 4.409E-07 

2.386E-

07 0.738 

4.624E-

06 

3.921E-

06 0.0005 0.0087 0.9000 0.0283 0.0177 0.3077 

144 1.328 1.399E-06 

1.127E-

06 0.794 

6.223E-

06 

4.875E-

06 0.0025 0.0108 0.9000 0.0283 0.0884 0.3820 

145 1.342 4.538E-07 

1.945E-

07 0.797 

6.341E-

06 

4.903E-

06 0.0004 0.0109 0.9000 0.0283 0.0141 0.3855 

146 1.323 3.562E-07 

2.290E-

07 0.803 

6.365E-

06 

4.763E-

06 0.0005 0.0106 0.9000 0.0283 0.0177 0.3749 

147 1.325 3.672E-07 

3.002E-

07 0.801 

6.338E-

06 

4.860E-

06 0.0007 0.0108 0.9000 0.0283 0.0248 0.3820 

148 1.308 4.367E-07 

3.878E-

07 0.801 

6.537E-

06 

5.142E-

06 0.0009 0.0114 0.9000 0.0283 0.0318 0.4032 

149 1.277 5.462E-07 

4.280E-

07 0.800 

6.496E-

06 

5.091E-

06 0.0010 0.0113 0.9000 0.0283 0.0354 0.3997 

150 1.274 1.636E-06 

1.100E-

06 0.795 

3.760E-

07 

1.952E-

07 0.0024 0.0004 1.1000 0.0346 0.0694 0.0116 

151 1.246 2.283E-05 

2.855E-

05 0.913 

6.618E-

06 

6.679E-

06 0.0634 0.0148 1.1000 0.0346 1.8346 0.4283 

152 1.244 2.256E-05 

2.600E-

05 0.915 

6.898E-

06 

6.911E-

06 0.0578 0.0154 1.1000 0.0346 1.6726 0.4456 

153 1.240 2.002E-05 

2.054E-

05 0.917 

6.594E-

06 

6.500E-

06 0.0456 0.0144 1.1000 0.0346 1.3195 0.4167 

154 1.243 2.207E+05 

2.444E-

05 0.919 

6.599E-

06 

6.434E-

06 0.0543 0.0143 1.1000 0.0346 1.5713 0.4138 

155 1.245 2.046E-05 

2.103E-

05 0.920 

6.533E-

06 

6.400E-

06 0.0467 0.0142 1.1000 0.0346 1.3523 0.4116 

156 1.250 2.173E-05 

2.307E-

05 0.922 

6.616E-

06 

6.323E-

06 0.0513 0.0141 1.1000 0.0346 1.4835 0.4066 

157 1.248 2.040E-05 

2.080E-

05 0.922 

6.534E-

06 

6.397E-

06 0.0462 0.0142 1.1000 0.0346 1.3375 0.4114 

158 1.248 2.068E-05 

2.018E-

05 0.923 

6.536E-

06 

6.366E-

06 0.0448 0.0141 1.1000 0.0346 1.2977 0.4094 

159 1.245 2.142E-05 

2.082E-

05 0.923 

6.420E-

06 

6.376E-

06 0.0463 0.0142 1.1000 0.0346 1.3388 0.4100 

160 1.250 2.125E-05 

2.181E-

05 0.924 

6.270E-

06 

6.159E-

06 0.0485 0.0137 1.1000 0.0346 1.4025 0.3961 

161 1.330 1.038E-04 

1.601E-

04 0.710 

1.859E-

05 

1.284E-

05 0.3558 0.0285 1.1000 0.0346 10.2952 0.8257 

162 1.196 4.775E-06 

4.350E-

06 0.840 

7.571E-

06 

6.834E-

06 0.0097 0.0152 1.1000 0.0346 0.2797 0.4395 

163 1.215 6.875E-06 

7.017E-

06 0.847 

7.636E-

06 

6.739E-

06 0.0156 0.0150 1.1000 0.0346 0.4512 0.4334 

164 1.381 1.030E-06 

7.626E-

06 0.834 

1.193E-

05 

9.739E-

06 0.0169 0.0216 1.1000 0.0346 0.4904 0.6263 

165 1.199 1.069E-07 

4.033E-

08 0.838 

1.075E-

05 

9.010E-

06 0.0001 0.0200 1.1000 0.0346 0.0026 0.5794 

166 1.168 3.190E-06 

2.041E-

06 0.841 

9.371E-

06 

8.247E-

06 0.0045 0.0183 1.1000 0.0346 0.1312 0.5303 

167 1.150 4.653E-08 

2.600E-

08 0.849 

6.568E-

06 

4.820E-

06 0.0001 0.0107 1.1000 0.0346 0.0017 0.3099 

168 1.148 1.462E-07 

6.880E-

08 0.853 

6.252E-

06 

4.517E-

06 0.0002 0.0100 1.1000 0.0346 0.0044 0.2905 

169 1.155 1.655E-07 

8.372E-

08 0.854 

6.334E-

06 

4.590E-

06 0.0002 0.0102 1.0000 0.0314 0.0059 0.3247 

170 1.154 1.575E-07 

6.892E-

07 0.855 

6.445E-

06 

4.621E-

06 0.0015 0.0103 1.0000 0.0314 0.0488 0.3269 

171 1.151 2.480E-07 

1.086E-

07 0.854 

6.708E-

06 

4.878E-

06 0.0002 0.0108 1.0000 0.0314 0.0077 0.3450 

172 1.153 2.730E-07 

1.379E-

07 0.854 

6.875E-

06 

4.995E-

06 0.0003 0.0111 1.0000 0.0314 0.0098 0.3533 

173 1.149 2.908E-07 

1.344E-

07 0.854 

7.045E-

06 

5.116E-

06 0.0003 0.0114 1.0000 0.0314 0.0095 0.3619 
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Run 

No. 

Peak 

Potential 

(Ox)  V 

Peak 

Current 

(Ox)  A 

Peak 

Area 

(Ox) C 

Peak 

Potential 

(Red)  V 

Peak 

Current 

(Red)  A 

Peak 

Area 

(Red) C 

Sfc 

Area 

(Ox)  

cm2 

Sfc 

Area 

(Red) 

cm2 

Electrode 

length 

cm 

Geometric 

Area cm2 

Roughness 

Factor 

(Ox) 

Roughness 

Factor 

(Red) 

174 1.151 2.683E-07 

1.179E-

07 0.854 

7.215E-

06 

5.235E-

06 0.0003 0.0116 1.0000 0.0314 0.0083 0.3703 

175 1.147 2.805E-07 

1.136E-

07 0.854 

7.304E-

06 

5.370E-

06 0.0003 0.0119 1.0000 0.0314 0.0080 0.3798 

176 1.148 3.090E-07 

1.415E-

07 0.854 

7.518E-

06 

5.447E-

06 0.0003 0.0121 1.0000 0.0314 0.0100 0.3853 

177 1.409 3.150E-06 

3.183E-

06 0.854 

7.634E-

06 

5.517E-

06 0.0071 0.0123 1.0000 0.0314 0.2252 0.3902 

178 1.232 8.434E-07 

5.349E-

07 0.930 

5.688E-

06 

4.083E-

06 0.0012 0.0091 1.0000 0.0314 0.0378 0.2888 

179 1.218 7.239E-07 

4.091E-

07 0.924 

6.325E-

06 

4.529E-

06 0.0009 0.0101 1.0000 0.0314 0.0289 0.3204 

180 1.210 1.074E-06 

6.202E-

07 0.927 

6.440E-

06 

4.804E-

06 0.0014 0.0107 1.0000 0.0314 0.0439 0.3398 

181 1.206 1.169E-06 

6.576E-

06 0.927 

6.467E-

06 

4.534E-

06 0.0146 0.0101 1.0000 0.0314 0.4652 0.3207 

182 1.204 1.168E-06 

6.075E-

07 0.927 

6.883E-

06 

5.128E-

06 0.0014 0.0114 1.0000 0.0314 0.0430 0.3627 

183 1.199 1.221E-06 

6.105E-

07 0.927 

7.060E-

06 

5.325E-

06 0.0014 0.0118 1.0000 0.0314 0.0432 0.3767 

184 1.198 1.227E-06 

6.023E-

07 0.927 

7.205E-

06 

5.557E-

06 0.0013 0.0123 1.0000 0.0314 0.0426 0.3931 

185 1.196 1.231E-06 

6.084E-

07 0.927 

7.197E-

06 

5.215E-

06 0.0014 0.0116 1.0000 0.0314 0.0430 0.3689 

186 1.195 1.270E-06 

6.218E-

07 0.927 

7.375E-

06 

5.538E-

06 0.0014 0.0123 1.0000 0.0314 0.0440 0.3917 

187 1.195 1.206E-06 

5.672E-

07 0.926 

7.444E-

06 

5.514E-

06 0.0013 0.0123 1.0000 0.0314 0.0401 0.3900 

188 1.196 1.307E-06 

6.795E-

07 0.926 

7.643E-

06 

5.920E-

06 0.0015 0.0132 1.0000 0.0314 0.0481 0.4188 

189 1.173 1.312E-06 

7.658E-

07 0.858 

1.056E-

05 

8.862E-

06 0.0017 0.0197 1.0000 0.0314 0.0542 0.6269 

190 1.176 1.840E-06 

1.158E-

06 0.853 

1.059E-

05 

8.952E-

06 0.0026 0.0199 1.0000 0.0314 0.0819 0.6332 

191 1.177 2.177E-06 

1.337E-

06 0.854 

1.074E-

05 

9.032E-

06 0.0030 0.0201 1.0000 0.0314 0.0946 0.6389 

192 1.223 8.786E-06 

1.003E-

05 0.854 

1.056E-

05 

9.005E-

06 0.0223 0.0200 1.0000 0.0314 0.7095 0.6370 

193 1.225 1.297E-05 

1.498E-

05 0.856 

1.025E-

05 

8.746E-

06 0.0333 0.0194 1.0000 0.0314 1.0596 0.6187 

194 1.240 1.626E-05 

2.034E-

05 0.859 

9.811E-

06 

8.314E-

06 0.0452 0.0185 1.0000 0.0314 1.4388 0.5881 

195 1.250 2.393E-05 

3.032E-

05 0.861 

9.428E-

06 

8.010E-

06 0.0674 0.0178 1.0000 0.0314 2.1447 0.5666 

196 1.278 3.294E-05 

4.779E-

05 0.862 

8.963E-

06 

7.697E-

06 0.1062 0.0171 1.0000 0.0314 3.3804 0.5445 

197 1.309 4.125E-05 

6.813E-

05 0.863 

8.520E-

06 

7.352E-

06 0.1514 0.0163 1.0000 0.0314 4.8192 0.5200 

198 1.332 4.403E-05 

7.739E-

05 0.863 

8.031E-

06 

6.994E-

06 0.1720 0.0155 1.0000 0.0314 5.4742 0.4947 

199 1.368 4.282E-05 

8.373E-

05 0.863 

6.914E-

06 

6.152E-

06 0.1861 0.0137 1.0000 0.0314 5.9227 0.4352 

200 1.176 2.866E-06 

2.101E-

06 0.893 

3.307E-

06 

3.151E-

06 0.0047 0.0070 1.0000 0.0314 0.1486 0.2229 

201 1.227 1.283E-05 

1.386E-

05 0.896 

3.124E-

06 

2.801E-

06 0.0308 0.0062 1.0000 0.0314 0.9804 0.1981 

202 1.325 2.932E-05 

4.688E-

05 0.907 

2.478E-

06 

2.472E-

06 0.1042 0.0055 1.0000 0.0314 3.3161 0.1749 

203 1.223 1.320E-05 

1.489E-

05 0.898 

3.617E-

06 

2.947E-

06 0.0331 0.0065 1.0000 0.0314 1.0532 0.2085 

204 1.392 8.786E-05 

1.887E-

04 0.916 

2.504E-

06 

1.628E-

06 0.4193 0.0036 1.0000 0.0314 13.3478 13.348 

205 1.400 9.215E-05 

1.991E-

04 0.911 

2.312E-

06 

1.558E-

06 0.4424 0.0035 1.0000 0.0314 14.0834 0.1102 

206 1.406 9.628E-05 

2.128E-

04 0.911 

3.085E-

06 

2.462E-

06 0.4729 0.0055 1.0000 0.0314 15.0525 0.1742 

207 1.415 9.676E-05 

2.192E-

04 0.908 

3.408E-

07 

1.134E-

07 0.4871 0.0003 1.0000 0.0314 15.5052 0.0080 
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6.2 Electrode Specifications 

6.2.1 TraceDetect Nano-Band Explorer II 

 

Table 16. TraceDetect Nano-Band electrode specifics. The below parameters were taken from 

http://www.tracedetect.com/electrodes.html and are reproduced here for informational purposes only. 

Electrode Length (in) 5.0 

Electrode Diameter (in) 
0.5 

Electrode Insert 
0.125" x 0.300" x 0.045" 

Connector 
BNC receptacle 

Sensing Area 

100 sub-electrodes located on centerline, 

total area ~1.5x10
-4

 mm
2
 

Electrode Body 

Material 

PVDF (polyvinylidene fluoride) and 

chemically-resistant epoxy 

Electrode Insert 

Material 

Quartz 

Microelectrode 

Material 

Carbon, along centerline of insert 

Chemical 

Resistance 

Acidic solutions to pH = 1, avoid 

hydrofluoric acid and aqua regia (dilute 

50:1 aqua regia is acceptable) 

Basic solutions to pH = 10 

Solvents: Alcohols, alkanes, and xylenes 

are acceptable; avoid ketones (particularly 

acetone) and methylene chloride 

http://www.tracedetect.com/electrodes.html
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Other: Food oils and most fuels are 

acceptable. 

Electrochemical 

Range 

Typically –0.7 V to +0.8 V (with thin-film 

gold) vs. Ag/AgCl reference electrode in 

pH = 4.0 phthalate and pH = 4.6 acetate 

buffers. Range is reduced to -0.4 V to 

+0.65 V when using 2M hydrochloric acid. 

General cleaning 

Clean with distilled or deionized water. 

Mild solutions of nitric acid or isopropyl 

alcohol may also be used. Low power 

ultrasonic cleaning is also acceptable. 

Storage 

Nano-Band™ electrodes can be stored wet 

or dry. For dry storage, rinse first with 

distilled/deionized water and blow dry. For 

wet storage, store in distilled/deionized 

water or in weak nitric acid solutions (pH > 

4). Dry storage is recommended for periods 

longer than 3 days. 
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6.2.2 CH Instruments Electro analyzer Model 1220A 

Table 17. Specifications of the CH Instruments potentiostat. 

Potentiostat / bipotentiostat  

Potential range: (V) ±2.4 

Compliance voltage; (V) ± 7.5 

Current range: (mA) ± 2  

Reference electrode input impedance: 

(ohm) 

1×10
12

 

Sensitivity scale: (A/V) 1×10
-10

 - 0. 01 in 7 ranges 

Input bias current: (pA) < 100 pA 

Current measurement resolution: (pA) < 5 

Data acquisition: (@ 10 kHz) 16 bit 

CV and LSV scan rate: (V/s) 0.000001 to 10 

CA and CC pulse width (s)  0.001 to 1000 

CA and CC Step: (s) 1 - 320 

DPV and NPV pulse width)s 0.001 to 10 

SWV frequency: (Hz) 1 to 5000 

ACV frequency: Hz 0.1 to 2000 

Low pass filter for current measurements  

Maximum data length:  128000 

Chassis dimension: 7” (W) × 4.5 (D) × 1 

(H) 
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6.3 Additional graphics 

6.3.1 Multi-acid calibration curve  

 

  

  

Figure 90. Calibration curves for mineral acid tests of As(III). Standard addition regression errors are 

shown in the graph. These parameters are summarized in Table 6. 
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Plot A. Hydrochloric Acid (HCl) 

y = (0.27±0.01)x + 10.82±0.45 
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Plot B. Sulfuric Acid (H2SO4) 

y =( 0.15±0.01)x + 19.46±0.67 

n=11, R² = 0.9500 
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Plot C. Phosphoric Acid (H3PO4) 

y = (0.66±0.02)x + 21.42±1.30 

n=7, R² = 0.9899 
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