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• Novel methodology for detection of 
inorganic arsenic at various pH. 

• Arsenic analysis in reduced groundwa
ters of West Bengal and oxidised 
groundwater of Central Mexico. 

• Comparison study between voltam
metric determination in acidic condi
tions vs. near-neutral pH. 

• Validation study between voltammetric 
methods with inductively coupled 
plasma mass spectrometry (ICP-MS). 

• Scanning electron microscope image of 
gold microwire surface.  
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Routine monitoring of inorganic arsenic in groundwater using sensitive, reliable, easy-to-use and affordable 
analytical methods is integral to identifying sources, and delivering appropriate remediation solutions, to the 
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widespread global issue of arsenic pollution. Voltammetry has many advantages over other analytical tech
niques, but the low electroactivity of arsenic(V) requires the use of either reducing agents or relatively strong 
acidic conditions, which both complicate the analytical procedures, and require more complex material handling 
by skilled operators. Here, we present the voltammetric determination of total inorganic arsenic in conditions of 
near-neutral pH using a new commercially available 25 μm diameter gold microwire (called the Gold Wirebond), 
which is described here for the first time. The method is based on the addition of low concentrations of per
manganate (10 μM MnO4

− ) which fulfils two roles: (1) to ensure that all inorganic arsenic is present as arsenate by 
chemically oxidising arsenite to arsenate and, (2) to provide a source of manganese allowing the sensitive 
detection of arsenate by anodic stripping voltammetry at a gold electrode. Tests were carried out in synthetic 
solutions of various pH (ranging from 4.7 to 9) in presence/absence of chloride. The best response was obtained 
in 0.25 M chloride-containing acetate buffer resulting in analytical parameters (limit of detection of 0.28 μg L− 1 

for 10 s deposition time, linear range up to 20 μg L− 1 and a sensitivity of 63.5 nA ppb− 1. s− 1) better than those 
obtained in acidic conditions. We used this new method to measure arsenic concentrations in contrasting 
groundwaters: the reducing, arsenite-rich groundwaters of India (West Bengal and Bihar regions) and the oxi
dising, arsenate-rich groundwaters of Mexico (Guanajuato region). Very good agreement was obtained in all 
groundwaters with arsenic concentrations measured by inductively coupled plasma-mass spectrometry (slope =
+1.029, R2 = 0.99). The voltammetric method is sensitive, faster than other voltammetric techniques for 
detection of arsenic (typically 10 min per sample including triplicate measurements and 2 standard additions), 
easier to implement than previous methods (no acidic conditions, no chemical reduction required, reproducible 
sensor, can be used by non-voltammetric experts) and could enable cheaper groundwater surveying campaigns 
with in-the-field analysis for quick data reporting, even in remote communities.   

1. Introduction 

Arsenic pollution of groundwater is a global issue and the extent of 
the problem is reflected in the large number of scientific articles pub
lished over the past decades. Health effects linked to consumption of 
food and water containing elevated arsenic exposure include increased 
risk of cancer, skin lesions, mental disabilities and diabetes [1–3]. The 
Bengal Delta Plain, in Bangladesh and West Bengal, experiences 
particularly severe arsenic contamination of groundwater aquifers, with 
concentrations as high as 4600 μg L− 1 (ppb), 460 times higher than the 
10 μg L− 1 World Health Organization (WHO) guideline [4,5]. Roughly 
70–80 million and 28–60 million people are exposed to elevated arsenic 
concentrations in India and Bangladesh, respectively [6]. Other coun
tries in South East Asia experiencing severe arsenic contamination 
include Cambodia, China, Myanmar, Nepal, Pakistan and Vietnam. In 
the Americas, impacted countries include Mexico, with 6–9 million 
people exposed to elevated levels of arsenic through drinking water [2, 
7]. The national standard for arsenic in drinking water is 50 μg L− 1 in 
Bangladesh [7], while Mexico and India recently adopted the WHO 
guideline of 10 μg L− 1 [8]. However, the health effects of chronic 
exposure to arsenic concentrations below 10 μg L− 1 are still uncertain 
[9], motivating Dutch drinking water companies to aim to decrease the 
concentration of arsenic to below 1 μg L− 1 [10]. Arsenic exposure arises 
from food as well as water, and recent studies have shown significant 
arsenic exposure due to rice irrigated or washed with arsenic contami
nated groundwater [11]. 

It is generally accepted that reductive dissolution from iron oxy
hydroxides is the main mechanism behind the high arsenic concentra
tion in West Bengal and Bangladesh groundwater [12,13]. In contrast, 
hypotheses for the mechanism of arsenic release into central Mexico’s 
aquifers include the oxidative dissolution of arsenic bearing pyrite and 
scorodite, and geothermally induced hydrolysis of silicate [14,15]. 
These reductive and oxidative arsenic release mechanisms consequently 
lead to South Asian groundwaters mainly containing arsenite As(III) 
with high concentrations of dissolved iron and manganese (up to 8.0 mg 
L− 1 and 2.4 mg L− 1 respectively) and Mexican groundwaters mainly 
containing As(V) (with low concentrations of iron and manganese) [16]. 

The importance of arsenic monitoring in groundwater wells is well- 
recognised, as arsenic concentrations are known to fluctuate spatially 
and temporally [17]. The arsenic species found in groundwater are 
predominantly inorganic, i.e. the reduced arsenite, H3AsO3, and oxi
dised arsenate, H3AsO4. The organic forms monomethylarsonic acid 
[MMA; CH3AsO3H2], and dimethylarsenate acid [DMA; (CH3)2AsO2H], 

are usually present only in small abundances [18]. Inorganic arsenic is 
considered to be more toxic than the organic arsenic species, and inor
ganic As(III) is more toxic than inorganic As(V) [19]. 

Quantification of total As [the sum of As(III) and As(V)] and arsenic 
speciation (i.e. the ratio between As(III) and As(V)) can be performed 
through various analytical techniques. Inductively coupled plasma mass 
spectrometry (ICP-MS) is a sensitive arsenic detection technique with 
low detection limits and may be used in combination with liquid sepa
ration techniques such as high pressure liquid chromatography (HPLC) 
to distinguish between different arsenic species [20]. Atomic absorption 
spectroscopy (AAS) and atomic emission spectroscopy (AES) offer 
highly sensitive detection of arsenic species, and are cheaper compared 
to ICP-MS instrumentation and running costs [21]. However, both 
methods rely on equipment too bulky to facilitate on-site and/or remote 
detection of arsenic, are complex in terms of maintenance, and instru
mentation costs are £20,000–100,000 [22]. Electrochemical detection of 
arsenic, e.g. with anodic stripping voltammetry (ASV) can provide a 
viable alternative technique as it is sensitive and selective towards a 
range of trace metals [16,23–35]. The ASV analytical procedure is 
simple to operate, requires low cost instrumentation (e.g. 2–10 times 
cheaper than AAS, and 20–100 times cheaper than ICP-MS) with low 
power consumption, maintenance issues can be easily fixed by the 
operator (e.g. replacing electrodes) in comparison to ICP-MS, and 
lightweight instruments which are well suited for on-site determination 
of arsenic [36]. 

During a typical ASV procedure, inorganic arsenic is first reduced 
and accumulated onto an electrode surface as solid phase As(0) during 
the deposition step. As(0) is then oxidised to As(III) during the stripping 
step, creating an increase in current at the peak potential which is 
directly proportional to the initial aqueous phase arsenic concentration 
of the sample (when measurements are made within a certain linear 
range) [28]. The range of electrode materials compatible with ASV 
detection of arsenic includes gold [24], carbon [37], diamond [38], 
silver [39], as well as electrode modifications (e.g. gold nanoparticles 
[40], organic molecules [41]), electrode type (wire [25], disc [42], 
screen-printed [43]), and electrolytes (hydrochloric acid at pH 2 [44], 
HEPES in seawater at pH 7–8 [25], phosphate in synthetic water at pH 
7.4 [45], sulphite in alkaline conditions [33]). However, total arsenic 
detection by voltammetry using gold electrodes is typically performed 
under acidic conditions using very negative deposition potentials to 
facilitate the reduction of the hydrolysed species (H3AsO4 and H2AsO4

− ) 
[28]. Limitations related to acidic conditions include safety consider
ations (especially during transportation to field sites), electrode 
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lifetimes limited by corrosion, and potential interference from hydrogen 
[46]. Detection of total arsenic at neutral pH was long thought to be 
impossible due to As(V) being considered as electro-inactive [47], i.e. 
impossible to reduce electrochemically. Consequently, early methods 
included a pre-analysis step, reducing As(V) to As(III) with chemical 
reducing agents (e.g. sodium sulphite [48], sulphur dioxide [49] or 
L-cysteine [50]). Reductive pre-treatments complicate the analytical 
procedure and limit sample throughput as they require 5–60 min reac
tion time, heating, and deaeration. However, As(V) is electroactive in 
acidic conditions [28], which avoids the use of reducing agents but re
quires the addition of acid. The direct detection of As(V) in non-acidic 
conditions has only been achieved on rare occasions [25,32,35,51]. It 
was first achieved in seawater, at pH 8 [25]. The method described was 
based on the chemical reduction of As(V) facilitated by Mn(0) at the gold 
surface during the deposition step and requires the addition of Mn(II) 
and hypochlorite (to oxidise all As(III) to As(V)) in buffered deoxygen
ated seawater. The sensitivity (i.e. the current generated by a given 
concentration of arsenic at a given deposition time) and detection limits 
are similar to those obtained in acidic conditions. These near-neutral pH 
methods are advantageous by offering new insights into arsenic mobility 
in the environment; this was demonstrated in estuarine conditions 
where the inorganic As levels detected at neutral pH were significantly 
lower than in acidic conditions [51]. These results were used to suggest 
that some As(V) present in the dissolved fraction was adsorbed onto 
colloidal species, likely reducing bioavailability [51]. 

In this work, we present a new methodology for the detection of total 
inorganic arsenic in groundwater in non-acidic conditions. It is based on 
ASV at a gold microwire electrode in the presence of permanganate 
(MnO4

− ), which may be advantageous over the method using Mn(II) [25] 
as it fulfils two roles: (1) oxidising As(III) to As(V) to ensure that the total 
arsenic detection method has equal sensitivity to both arsenic species; 
and (2) it is reduced to Mn(0) at the gold surface during the deposition 
step, allowing the subsequent chemical reduction of As(V) to As(0) at 
this pH. The method was developed and optimised using a new manu
factured gold wire electrode sensor which is presented here for the first 
time. There are several advantages in regards to using a wire electrode 
over disk or screen-printed electrodes. Firstly, a higher diffusion flux is 
achieved as the diffusion layer of a cylindrical 25 μm wire is approxi
mately 2 μm [27], leading to lower detection limits. Secondly, no me
chanical polishing is required. Instead, a fast and easy electrochemical 
cleaning procedure in sulfuric acid is used which cannot be used at a disk 
electrode due to the formation of hydrogen bubbles. Thirdly, it allows 
analysis of solutions in conditions of pH and deposition potential that 
are not accessible to the disk electrodes [26]. We present here the 
development of the method (optimum MnO4

− concentration, effect of 
various halogens and buffers, interferences from Cu, Fe or humic sub
stances) and analytical parameters (i.e. linear range, sensitivity, detec
tion limit) obtained at varying pH (from 1 to 9). Finally, we tested the 
method by measuring arsenic concentration in groundwater samples 
from Mexico and India and compared our voltammetric results at pH 4.7 
with (a) results obtained in acidic conditions (pH 1) and (b) results 
obtained by ICP-MS as benchmark methods. We finally discuss the ad
vantages and limitations of this methodology, both in analytical per
formance and in user friendliness/conviviality. 

2. Experimental 

2.1. Reagents 

The water used to prepare reagents and working solutions was pu
rified to 18 MΩ cm− 1 using a Millipore-Elix system. During fieldwork in 
Mexico, demineralized water was used (>1 MΩ cm− 1). In India, distilled 
water from Merck was used with a resistivity of 18 MΩ cm− 1. A total 
arsenic standard (1000 mg L− 1) was prepared by dissolving the appro
priate amount of disodium arsenate heptahydrate (Na2HAsO4⋅7H2O, 
CAS: 10048-95-0, Sigma-Aldrich) in water (H2O) and acidified to pH 2 

using 1 M HCl. A 1 M HCl solution was prepared from concentrated 
hydrochloric acid (38%, CAS: 7647-01-0, Sigma-Aldrich) in Liverpool, 
(36.5–38%, CAS: 7647-01-0, Karal) in Mexico, and (35–37%, Qualigem, 
CAS: 7647-01-0) in India. 

An acetate buffer (referred to as CLAC electrolyte, pH 4.7) was pre
pared by dissolving 7.3 g sodium chloride (>99%, CAS: 7647-14-5, 
Sigma-Aldrich), 2.34 g sodium acetate trihydrate (CAS: 6131-90-4, 
Karal), and 0.6 mL acetic acid (>99%, CAS: 64-19-7, Sigma-Aldrich) 
in 500 mL demineralized water. The final concentrations in the elec
trochemical cell were: 0.25 M NaCl and 80 mM acetate. 10 mM acetate, 
phosphate, borate, HEPES and TES buffers were prepared by dissolving 
C2H3NaO2 (BDH), Na2HPO4 (BDH), Na₂[B₄O₅(OH)₄]⋅8H₂O (Sigma- 
Aldrich), C8H18N2O4S (HEPES, Acros, 99%, CAS: 7365-45-9), 
C6H15NO6S (TES, Fisher, 98%, CAS: 7365-44-8) in water, respectively. 

A solution of 0.5 M sulfuric acid (H2SO4) was prepared from 
concentrated sulfuric acid (98%, CAS: 7664-93-9) from Sigma-Aldrich in 
Liverpool, from Karal in Mexico, and from Merck in India. A 10 mM 
potassium permanganate standard was prepared by dissolving KMnO4 
into demineralized water (>99%, CAS: 7722-64-7, Karal) in Mexico, and 
(98.5%, Merck, CAS: 7722-64-7) in India. A solution of 3 M potassium 
chloride (CAS: 7447-40-7, Sigma-Aldrich), and a solution 5 g/L ethyl
enediaminetetraacetic acid anhydrous (C10H16N2O8, EDTA, CAS: 60-00- 
4, Sigma-Aldrich) were prepared in demineralized water. 1 M NaCl 
(BDH), 1 M NaBr (Fisher), 1 M KI (BDH) were used for the halogen 
experiments. Analytical standards were used for studying Cu (1000 mg 
L− 1, Fluka), Fe (1000 mg L− 1, BDH), Mn (1000 mg L− 1, BDH). 5 M nitric 
acid was prepared to acidify samples for ICP-MS analysis (69–71%, 
Thermo Fisher, CAS: 7784-46-5). All solutions were kept at room tem
perature, except for the As(III) standard, which was kept in the dark at 
+3 ◦C. 

For analysing humic substances, molybdenum Mo(VI) standard so
lutions (10 μM) were prepared by diluting atomic absorption spectros
copy standard solutions of 1 g/L (Fisher Scientific) in 10 mM HCl. Fulvic 
acid (FA) from the Suwannee River (International Humic Substances 
Society, IHSS standard) was dissolved in Milli-Q to a concentration of 10 
mg L− 1. Deep Sea Reference (DSR) seawater (Batch 20–2020 – Lot 08–20 
and Batch 21–2021 – Lot 08–18) with certified dissolved organic carbon 
(DOC) concentrations of 44–46 μM were obtained from Hansell labo
ratory in Miami. SRFA standard and DSR samples were always kept in 
the dark and refrigerated when not in use. 

2.2. Electrode fabrication, description and conditioning 

The Gold WireBond sensor (gold wire working electrode) (Fig. 1) 
were manufactured by Informatic Component Technology, UK, using 
the technique of wire bonding. A 1 mm thick sheet of alumina was first 
machined to create connecting pads, 0.25 mm groove channels and 
small cavities (5 by 2 mm) before being cleaned by an acid/alkaline/ 
MilliQ bath followed by an oxygen plasma cleaning. Gold was deposited 
by sputtering, covering the entire area of the alumina. Top layers were 
removed, leaving the gold only in the channels and pads. Individual 
electrodes were cut out from the alumina sheet and for each electrode, a 
gold wire (Goodfellows, hard, 99% purity) was wire-bonded to the 
sputtered gold within the groove channels from one side of the cavity to 
the other. Finally, each electrode was manually encapsulated with a 
chemically-resistant epoxy that covered the entire electrode but the pads 
and gold wire. Each gold wire is 5 mm long and has a diameter of 25 or 
30 μm. The electroactive surface area, measured by cyclic voltammetry 
[52], was found to be reproducible (less than 2% relative standard de
viation, N = 6). The cavity was designed to ensure optimum hydrody
namics around the wire when the solution is stirred and the Gold 
Wirebond was placed perpendicular to the flow. The entire sensor is c. a. 
65 mm long and 5 mm wide, fitting inside a standard voltammetric cell. 
The contact with the potentiostat is made with a crocodile clip con
nected onto the gold pad. 

The electrode was conditioned daily, consisting of rapid 
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electrochemical cleaning (holding the working electrode potential at 
− 2 V for 10 s) in 0.5 M H2SO4, similar to previously reported [52]. This 
cleaning step helps maintain a clean and reproducible electroactive gold 
surface and can be seen as a reset of the electrode, in the same way as 
polishing is used for disc electrodes. 

2.3. Groundwater sampling 

Mexican groundwater samples were collected during September and 
October 2021 in the state of Guanajuato, from wells (N = 8) and water 
re-fill locations (N = 3) in multiple rural communities and areas sur
rounding the city of San Miguel de Allende, at the following locations 
(Table S1): Atotonilco, San Luis Rey, Puerto de Nieto, Sosnabar, La 
Esparanza, San Antonio de Lourdes, Pozo Hondo, and Ex Hacienda de 
Jesus. Groundwater was pumped for 5 min to purge the well of stale 
water and samples for voltammetry analysis were collected in 0.5 L 
Nalgene bottles, filtered with a 0.45 μm membrane filter (Millex-HV 
Syringe Filter Unit, PVDF, 33 mm, gamma sterilized), and stored in the 
fridge at +3 ◦C within a few hours of sampling. Total dissolved solids 
(TDS) and conductivity were measured on-site with a Health Metric 
TDS&EC meter, and the pH was determined with a Hach Pocket Pro pH 
Tester, which was previously calibrated using buffer solutions at pH 
4.01, 6.86 and 9.18. Groundwater samples for inductively coupled 
plasma mass spectrometry (ICP-MS) analysis were collected in 15 mL 
acid washed sample tubes (Centrifuge tubes, CN series) and immediately 
acidified to pH 2 with 0.01 M nitric acid. These samples were collected 
unfiltered and filtered, with 0.45, 0.2, or 0.02 μm (Whatman, Anotop 
25) syringe filters (0.2 and 0.02 μm filtrate was obtained from the 0.45 

μm filtrate). 
Indian groundwater samples were taken in 2019 (N = 30) and 2022 

(N = 15) from individual and community hand wells, in Chakdaha 
block, West Bengal and in the village of Chapar, Bihar. Groundwater was 
pumped for a minimum of 5 min before samples were collected. Filtering 
was performed immediately after sampling to avoid any precipitation of 
iron oxides. Filtration at 0.45, 0.2 and 0.02 μm was performed using the 
Millex-HV Syringe Filter Unit and Anatop filters. In contrast to the 
sampling in Mexico, HCl (0.01 M) or EDTA (1 mM in 2022 and 10 mM in 
2019) was added to the samples, immediately after filtration, to prevent 
any precipitation (e.g. of iron oxides) [16]. Filtered groundwater sam
ples intended for ICP-MS analysis were collected in 15 mL acid-washed 
sample tubes (centrifuge tubes, CN series) and immediately acidified to 
pH 2 with 0.1 M nitric acid. Temperature, conductivity and pH were 
determined on site with a Hanna Instruments HI 98129 pH Meter. GPS 
coordinates were recorded at every groundwater well. The depth of 
wells was recorded when provided by locals. Table S1 lists all sampling 
stations in Mexico and India. 

2.4. Arsenic determination by voltammetry 

Electrochemical measurements were performed in 30 mL plastic 
cups using a portable PDV6000 Ultra Potentiostat (Modern Water, UK) 
controlled with VAS software (version 4.7). The electrochemical cell was 
equipped with a silver/silver chloride reference electrode placed in a 
double bridge filled with 3 M KCl, an auxiliary platinum electrode, and 
the Gold WireBond working electrode. Between the three electrodes was 
a stirrer which was operated through the software. The whole electro
chemical setup was portable and designed for on-site analysis (see 
Fig. S1 in the supplementary document). The gold wire electrode used in 
Mexico was 25 μm in diameter and both 25 and 30 μm diameter elec
trodes were used in India. Arsenic concentrations were measured by the 
method of standard additions [53], with a minimum of 3 measurements 
for the sample (until the signal was stable) and typically triplicate 
measurements for each standard addition (with typically two additions, 
but sometimes three). The standard addition method is a form of internal 
calibration curve, where a small volume of high concentration standard 
solution is added, allowing the operator to determine the sensitivity of 
the electrode in each different sample matrix, correcting for in
terferences. The peak height was used to calculate the original arsenic 
concentration. Samples with high As levels required dilution (up to 200 
times with distilled water) for the peak to fall within the linear range. 
Voltammetric peaks were usually very well defined, though in some 
cases a background subtraction procedure was applied. The background 
subtraction procedure involves performing one voltammetric scan with 
a very short deposition time (e.g. 1 s), which is subtracted from all 
analytical scans (sample + standard additions) [28]. After each standard 
addition, the electrode cell and the electrodes were rinsed with distilled 
water and left standing in water. When not in use or during trans
portation, electrodes were stored dry in a plastic container. 

The voltammetric cell was 20 mL in volume and analysis was 
completed under ambient temperature, in the presence of dissolved 
oxygen. Total As was measured in chloride containing acetate solution 
(CLAC, 80 mM + 0.25 M NaCl) at pH 4.7 after addition of up to 10 μM 
KMnO4 (the novel procedure developed in this work) and in 0.1 M HCl 
(representing the benchmark procedure [24,28]). The ASV parameters 
were the same for both electrolytes: a conditioning potential at +700 
mV for 5 s, followed by a deposition step at − 1200 mV for 10–60 s, 
depending on the required detection limit. After deposition, a 10 s 
holding potential of − 400 mV was applied, followed by a linear sweep 
from − 400 to 800 mV at 8 V s− 1 (step size of 2 mV, step duration of 250 
μs). Arsenic can be detected by a number of voltammetric methods 
including square wave or differential pulse; here, with the PDV6000 
potentiostat, linear sweep voltammetry (LSV) with a stripping scan rate 
of 8 V s− 1 was preferred. The current measuring range was set at 100 μA. 
The solution was continuously stirred (at 250 RPM) during the 

Fig. 1. A: The gold microwire electrode. B: Electroactive surface area of the 
gold wire (length 5 mm) and opening with encapsulation with chemically 
resistant resin; C: Wire-bonded gold on the gold track; D: The gold pad which 
makes the connection to the potentiostat with a crocodile clip. (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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conditioning and deposition step, but not during the hold and sweep 
steps. 

All samples collected in India and Mexico were measured both in 
CLAC and in HCl and the results were compared. Voltammetric analysis 
in India 2019 was conducted by 2 different operators, one operator 
running the measurements in CLAC and the other one in HCl. In Mexico 
in 2021 and in India in 2022, a third operator ran all the measurements. 

2.5. Determination of analytical parameters 

The linear range was obtained by plotting the change in arsenic peak 
height as a function of the concentration of As(V) as standard additions 
of arsenic were added into the electrochemical cell. The sensitivity of the 
electrode within any given buffer solution/electrolyte was defined by 
the slope of the linear range and normalised to the deposition time (nA. 
ppb− 1. s− 1). The detection limit (LoD) was calculated as 3σ, where σ is 
the standard deviation in the height of the arsenic stripping peak 
calculated from 10 repeat scans in the presence of a relative low con
centration of arsenic (e.g. 0.5 μg L− 1) [44]. 

2.6. ICP-MS analysis 

High Resolution Inductively Coupled Plasma Mass Spectrometer (HR 
ICP-MS, Element 2, Thermo Finnigan, Bremen) was used for the deter
mination of elemental concentrations including arsenic, iron, copper 
and manganese. The samples were prepared in pre-cleaned 10 mL 
polyethylene tubes (Sarstedt). Samples were further acidified with 2% 
HNO3 (Carl Roth, ROTIPURAN®Supra). Indium (115) was used as an 
internal standard and was added to all the samples at a concentration of 
10 μg L− 1. Concentrations were determined by means of external 5-point 
calibration (0–100 μg L− 1). No special setup of the instrument operating 
conditions was needed. Further, quality control (QC) of HR ICP-MS 
measurements was conducted by the determination of element con
centrations in the internal river water standard (previously “calibrated” 
using “River Water Reference Material for Trace Metals”, SLRS-5, Na
tional Research Council Canada). A good agreement with expected 
values for the SLRS-5 concentrations was obtained for all elements. 
Analysis of India groundwater samples in 2022 was performed using an 
Agilent 8900 MS/MS (QQQ) instrument. Similar to the previous batch of 
analyses, Indium was added as an internal standard (10 μg L− 1). Ele
ments were measured in “He” (Helium) mode, and Fe and As addition
ally in “H2” (Hydrogen) mode to reduce interferences. 

2.7. Humic substances analysis by cathodic stripping voltammetry 

Groundwater samples from the Indian and Mexican sampling 
campaign in 2022 and 2021 were analysed for electroactive humic 
substances using a mercury hanging drop electrode (HDME, Metrohm) 
and the voltammetric method was adopted from Pernet-Coudrier et al. 
[54]. Briefly, under a laminar flow hood, aliquots of groundwater (10 
mL) were pipetted into an acid-cleaned quartz voltammetric cell. The 
solution was spiked with 30 μL of 10 mg L− 1 Mo (VI), corresponding to 
an addition of 375 nmol L− 1. The sample was then acidified to pH 2 with 
HCl, and purged with N2 for 300 s. The analytical scan consisted of the 
application of a deposition potential of 0 V applied for 150 s. The 
principle here is that the molybdenum will complex with the humic 
substances, and the complexes are subsequently deposited on the 
HDME. The stirrer was switched on for the deposition and stopped 
before a 5 s equilibrium step. Stripping was performed in differential 
pulse mode, initiated at 0 V and terminated at − 0.65 V with a modu
lation time of 60 ms, a modulation amplitude of 50 mV, a step potential 
of 2 mV and an interval time of 0.1 s. At the start of the standard addition 
procedure a background subtraction procedure was applied. The back
ground scan used all parameters the analytical scan except for a 1 s 
deposition time. This background scan was subtracted from all analyt
ical scans to give background-subtracted scans. The standard addition 

procedure consisted of a minimum of four repeat scans for the sample 
and each of the two standard additions. 

2.8. Scanning electron microscopy 

Electron microscopy was performed at the SEM Shared Research 
Facility, University of Liverpool, to investigate the effect that the 
repeated measurements over several weeks in groundwater had on the 
surface of the gold electrodes. Backscattered electron (BSE) images were 
collected on a Zeiss Gemini 450 FEG-SEM using an accelerating voltage 
of 20 kV and a probe current of 10 nA. 

3. Results and discussion 

3.1. Effect of the permanganate concentration 

Mn(II) was shown to facilitate the reduction of As(V) to As(0) in 
seawater (pH 8) [25]. Together with the addition of an oxidant to oxi
dise any As(III) present to As(V), total inorganic arsenic was detected at 
this high pH. Here, we decided to test whether permanganate would 
facilitate the reduction of As(V) since MnO4

− is a strong oxidant which 
converts As(III) to As(V) within seconds. The effect of permanganate 
(0–100 μM) on the detection of 10 μg L− 1 (133 nM) As(V) in the CLAC 
electrolyte is shown in Fig. 2. It is very similar to the effect observed with 
Mn(II), i.e. a much improved detection of As(V) at low deposition po
tentials, most certainly due to the reduction of the permanganate anion 
to Mn0 at the electrode surface. The optimum KMnO4 concentration was 
found to be 10 μM when using a − 1.2 V deposition potential, however 
only 2 μM permanganate was necessary to yield a significant increase of 
the As(V) signal. The optimum Mn(II) concentration in these conditions 
was 3.5 μM (Fig. S2). A shift in the optimum deposition potential from 
− 1.25 V to − 1.1 V was observed when increasing the KMnO4 concen
tration from 0 to 100 μM. No As(V) signal was obtained at deposition 
potentials above − 1.0 V. The peak height obtained with 10 μg L− 1 As(V) 
increased by a factor between 4 and 8 (depending on the deposition 
potential) when KMnO4 concentrations were increased from 0 to 10 μM. 
The peak potential was +35 mV, with a peak height of 1.47 μA and 
half-peak width of ~66 mV. Similarly to what was described for Mn(II) 
[25], the various electrochemical and chemical reactions taking place at 
the electrode during the deposition step at pH 4.7 are summarized by 
equations (1)–(4) [55,56] where Mn0

( ads) and As0
(ads) represent the 

reduced manganese and reduced arsenic that are adsorbed at the gold 
surface. 

MnO−
4 (aq) + 8 H+ + 5e− →Mn2+(aq) + 4 H2O

E0 = +1.23 V
(1)  

Mn2+ (aq) + 2e− →Mn0 (s)
E0 = − 1.18 V

(2)  

AsO(OH)3 + Mn0 + 2 H+→As(OH)3 (ads) + H2O + Mn2+

E0 = +0.28V
(3)  

As(OH)3 (ads) + 3 H+ + 3e− →As0(s) + 3 H2O
E0 = +0.24V

(4)  

3.2. Effect of pH and halogens 

Analysis was optimised in buffered conditions to avoid any change of 
pH due to the reduction of dissolved oxygen. It is known that halogens 
may affect the intensity and shape of the arsenic signal [23]. The effects 
of chloride, bromide and iodide on the As(V) peak were tested in buffer 
solutions at various concentrations and different deposition potentials 
(Fig. S3). We found that the presence of iodide had the least impact on 
the As(V) peak height. Bromide increased the peak height, but peaks 
were generally wider than those obtained in the presence of chloride. 
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Four different buffer solutions with varying pH were tested in the 
presence of 2–10 μM KMnO4 and with/without 0.1 M NaCl. Buffers 
included: a 10 mM acetate buffer (pH = 4.7), a 10 mM phosphate buffer 
(pH = 7), 10 mM TES (pH = 7.8), and 10 mM borate buffer (pH = 9). The 
presence of permanganate facilitated the detection of As(V) in all buffers 
tested, and the arsenic peak was always enhanced by the addition of 0.1 
M NaCl in all buffer solutions (Fig. 3). The presence of 0.1 M NaCl 
resulted in an increase in As(V) peak height by a factor 2.00 in 10 mM 
acetate, by a factor of 1.54, 1.58, and 2.58 in 10 mM phosphate, TES, 
and borate respectively. The peak position shifted cathodically (to more 
negative potentials) as pH increased (at approximately the Nernstian 
predicted shift of 56 mV/log pH) [27,46] but was also affected by the 
presence of chloride, although this effect was different for each buffer. 

3.3. Analytical parameters 

The analytical parameters (linear range, limit of detection, and 
sensitivity) and peak characteristics (peak potential, peak half-width) 
were measured for each buffer in the absence/presence of 0.1 M chlo
ride and at various deposition times (Table 1). Table 1 also includes data 
for 0.1 M HCl electrolyte and the CLAC buffer (80 mM acetate + 0.25 M 
NaCl) which is the electrolyte used in all fieldwork experiments reported 
thereafter. Selected voltammograms in the presence of chloride are 
shown in Fig. 4 for each buffer solution. The linear range was inversely 

correlated to the deposition time and, in general, inversely correlated to 
sensitivity [28]. The presence of chloride generally sharpens the As peak 
(i.e. decreased the peak width) while keeping a similar sensitivity; it also 
increased the linear range. The optimum response (highest sensitivity, 
sharpest peak, and widest linear range) was obtained in the CLAC buffer, 
with detection limits of 0.28 μg L− 1 and 0.14 μg L− 1 for 10 s and 30 s 
deposition times respectively (Fig. 4c and d). The response was not as 
analytically favourable in 0.1 M HCl as in CLAC (lower sensitivity, 
slightly wider peak) resulting in almost twice higher detection limits at 
the same deposition times. In comparison to methods used in other 
studies (Table S3), these analytical parameters are satisfactory, espe
cially considering the short deposition time used, non-acidic pH condi
tions, and the use of a non-modified electrode that can be used for 
hundreds of analyses. 

The sensitivity obtained with the CLAC buffer is significantly higher 
than in 0.1 M HCl showing that the reduction of As(V) as facilitated by 
reduced manganese (Eq. (4)) is more efficient than the effect of nascent 
hydrogen on As(V) reduction. However, while the sensitivity obtained in 
HCl was largely independent of the deposition time, that was not the 
case for the other buffers, apart from borate (Table 1). For instance, in 
the CLAC buffer, the sensitivity (normalised to the deposition time) 
decreased from 63.5, 55.5 to 44.4 nA ppb− 1. s− 1 for deposition time of 
10 s, 30 s and 60 s respectively, suggesting some progressive adsorption 
of the sodium, acetate and/or chloride at the deposition potential used 

Fig. 2. A: Peak height of 10 μg L− 1 As(V) as a function of KMnO4 concentration and deposition potential. tdep = 10 s. Electrolyte used was 60 mM acetate, 20 mM 
acetic acid, and 0.25 M sodium chloride with pH 4.7 (CLAC buffer). B: Maximum peak height as a function of permanganate concentration. 

Fig. 3. A: Scanned stripping voltammetry of As(V) 
peak height at different pH in the absence/presence 
of 0.1 M NaCl, tdep = 30s, 2 μM KMnO4, 10 μg L− 1 As 
(V), 25 μm gold microwire. Red = 10 mM acetate 
buffer (pH = 4.7); grey = 10 mM phosphate buffer 
(pH = 7); black = 10 mM TES buffer (pH = 7.8); blue 
= 10 mM borate buffer (pH = 9). Filled circles indi
cate the presence of 0.1 M NaCl and open circles 
indicate no NaCl. B: maximum peak height measured 
in the different electrolytes. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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(− 1.2 V). Adsorption in 0.1 M HCl is probably less due to the immediate 
reduction of the proton at this low deposition potential. 

The sensitivities obtained in the phosphate buffer (Fig. 4e and f) and 
borate buffer (Fig. 4i and j) were relatively low compared to that ob
tained in acetate solution. However, in the phosphate buffer, the linear 
range was significantly higher (2.5 times higher than in CLAC, up to 50 
μg L− 1 for 10 s deposition). A relatively small linear range for As 
detection has often been reported and is attributed to the saturation of 
the electrode with non-conductive As(0), preventing further deposition 
[28]. The sensitivity obtained in 10 mM TES buffer (Fig. 4g and h) was 
less than half of that obtained in CLAC, even though the signal was well 
shaped. Electrode stability was tested by performing 30 scans in CLAC 
and HCl solution in presence of 10 ppb As(V) (Edep = − 1200 mV; tdep =

10 s). Peaks were stable and reproducible in both solutions: the standard 
deviation in As peak height over 30 scans in CLAC was 2.9% and 2.7% in 
0.1 M HCl. In CLAC, peak height increased linearly with scan rate, as 
expected for adsorbed species at the surface of a solid electrode. The 
experiments carried out in 0.1 M acetate/TES/borate or phosphate 
with/without 0.1 M NaCl were done with the same electrode at a similar 
time (absolute sensitivities can thus be compared), while the experi
ments carried out in CLAC and in HCl were done with a different elec
trode at a different time. Comparisons of absolute sensitivities obtained 
by these different electrodes should be done with caution as we found 
that the electrode history impacts those sensitivities; for instance, using 
a new electrode, only slight differences (10%) were obtained between 
CLAC and 10 mM acetate + 0.1 M chloride solution, much less than the 
35% difference given in Table 1. Nevertheless, best signal sensitivities 
were constantly found in CLAC, which was used as our optimum 

electrolyte. 

3.4. Interferences of metals and organic matter 

We identified that CLAC + KMnO4 gave the best performance among 
all the near neutral pH buffers tested, even better than the benchmark 
HCl method. Because of these obtained results, we chose to go forward 
testing and validating CLAC + KMnO4 as a substitute to the HCl method. 
The presence of other metals and humic substances on the As signal was 
tested in CLAC +10 μM KMnO4 and compared to their effect in 0.1 M 
HCl. Concentrations of these possible interferences were kept at envi
ronmentally relevant levels. 

3.4.1. Copper interference 
Copper is well-known to interfere with arsenic detection in acidic 

conditions due to both peak potentials being relatively close to one 
another at pH 1 (+0.3 V and +0.1 V respectively) [57]. When increasing 
the pH from 1 to 4.7 (using the CLAC + KMnO4 solution), the As peak 
shifts cathodically from +0.11 V to 0 V while the Cu peak potential 
remains relatively unchanged (+0.35 V), giving a larger peak separation 
of c. a. +0.35 V. In agreement with previously reported results [25], we 
found that this increased peak separation resulted in less interference 
from copper. For instance, in 0.1 M HCl, the signal of 1 μg L− 1 As(V) was 
completely lost after the addition of just 16 μg L− 1 Cu, while in CLAC 
method, the As peak could be distinguishable until the addition of 32 μg 
L− 1 Cu (Fig. 5a). The same pattern was observed for a higher concen
tration of 10 μg L− 1 As(V). Copper concentrations are usually around 
0.1–50 μg L− 1 in groundwaters investigated in this study, where any 

Table 1 
Analytical parameters at varying pH; All peak data were obtained with 30s deposition time in the presence of 10 μg L− 1 As(V) using linear scan stripping (8 V s− 1). Note 
that the sensitivity is normalised to the deposition time. *: Experiments carried out with electrode 1; ** Experiments carried out with electrode 2.  

Solution pH Optimal 
deposition 
potential (V) 

Peak 
potential 
(mV) 

Peak 
height 
(μA) 

Peak half 
width 
(mV) 

Peak height/ 
Peak half 
width (μA/V) 

tdep = 10 s 
Linear range 
(μg L− 1); 
Sensitivity 
(nA.ppb− 1. 
s− 1); 
Limit of 
detection (μg 
L− 1) 

tdep = 30 s 
- Linear range (μg L− 1); 
Sensitivity (nA.ppb− 1. 
s− 1); Limit of detection 
(μg L− 1) 

tdep = 60 s 
- Linear range (μg 
L− 1); 
Sensitivity (nA. 
ppb− 1.s− 1); Limit of 
detection (μg L− 1) 

0.1 M HCl* 1.0 − 1.2 141 8.5 120 71 ≤20 ≤8 ≤4      
31 36 30      
0.50 0.23 0.07 

80 mM acetate +
0.25 M NaCl 
(CLAC)* 

4.7 − 1.2 7 16.0 108 148 ≤20 ≤10 ≤5      
64 55 44      
0.28 0.14 0.07 

10 mM acetic 
acid** 

4.7 − 1.4 37 7.1 136 52 ≤10 ≤5 ≤2      
40 30 36      
0.60 n.d. 0.12 

10 mM acetic acid 
+0.1 M NaCl** 

4.7 − 1.4 − 50 10.1 140 72 ≤20 ≤6 ≤4      
44 39 36      
0.50 0.38 0.11 

10 mM 
phosphate** 

7.0 − 1.2 − 117 1.0 182 5.5 ≤10 ≤10 ≤2      
9.5 3.8 5.4      
n.d. n.d. n.d. 

10 mM phosphate 
+0.1 M NaCl** 

7.0 − 1.2 − 113 1.6 120 13 ≤50 ≤50 ≤15      
7.5 4.9 4.2      
n.d. n.d. n.d 

10 mM TES** 7.8 − 1.4 − 97 4.8 160 30 ≤4 ≤6 ≤4      
28 21 16      
0.95 0.51 0.27 

10 mM TES +0.1 
M NaCl** 

7.8 − 1.2 − 115 6.2 144 43 ≤20 ≤10 ≤4      
23 22 25      
0.88 0.46 0.17 

10 mM borate** 9.0 − 1.4 − 356 1.7 134 13 ≤20 ≤8 ≤8      
6.0 6.7 5.2      
n.d. n.d. n.d 

10 mM borate 
+0.1 M NaCl** 

9.0 − 1.35 − 355 3.1 232 13 ≤20 ≤10 ≤8      
10 11 9.9      
2.01 0.94 0.60  
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Fig. 4. Calibration curves and voltammograms for 
0.1 M chloride containing 10 mM acetate (A and B 
respectively), CLAC (C and D), 10 mM phosphate (E 
and F), 10 mM TES (G and H), 10 mM borate (I and 
J). Red circles: tdep = 10s; white circles: tdep = 30s; 
black circles: tdep = 60s. Using optimal Edep as shown 
in Table 1, 25 μm gold microwire, and 2 μM KMnO4. 
Voltammograms shown were done with tdep = 10s. 
Black line = 20 μg L− 1 As(V); green line = 8 μg L− 1 As 
(V); red line = 4 μg L− 1 As(V); blue line = 0 μg L− 1 As 
(V). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web 
version of this article.)   
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interference observed using the benchmark HCl method is unlikely to be 
also seen using the new CLAC + KMnO4 method. In case of samples 
containing much higher copper concentrations, a complexing agent 
could be used (though not EDTA, since the deposition potential of − 1.2 
V will pull the copper out of the EDTA-complex). 

3.4.2. Humic and fulvic acid interference 
Groundwater dissolved organic carbon contents typically range be

tween 0.1 and 15 mg L− 1. In this work, dissolved organic carbon was 
represented using humic acid (HA) and fulvic acid (FA), and the influ
ence of these upon As detection using both benchmark HCl and the new 
CLAC + KMnO4 methods was investigated. The presence of 10 mg L− 1 

humic acid decreased the As(V) peak height both in 0.1 M HCl and in 
CLAC but the effect was much weaker in CLAC (20% loss compared to 
50% in 0.1 M HCl) (Fig. 5b). Similarly, the presence of 10 mg L− 1 fulvic 
acid resulted in only 7% decrease in peak height for As(V) in CLAC so
lution, as compared to a 26% decrease in acidic conditions (see Fig. 5b). 
An anodic peak shift was observed in both electrolytes as HA and FA 
concentrations increased. However, the arsenic peak is still clearly 
visible and the standard addition method can still be applied. The 

decrease in peak intensity observed in the presence of HA and FA might 
be due to their adsorption onto the gold microwire [58], although As(V) 
complexation with humic substances could also play a role [59]. The 
results indicate that the CLAC + KMnO4 method is more robust towards 
the presence of high dissolved organic carbon contents as compared to 
the benchmark 0.1 M HCl method. 

3.4.3. As(V) detection in Fe(III) and Mn(II) containing solutions 
Groundwaters may contain concentrations of Fe(II) and Mn(II) in 

excess of 500 μM [16], and both ions are known to precipitate with As 
(V) at neutral pH under oxidising conditions [60]. The effect of Fe(III) 
and Mn(II) on the As(V) sensitivity on the gold microwire was tested in 
laboratory conditions by successively increasing Fe(III) and Mn(II) 
concentrations. The results are presented in Fig. 5c. In 0.1 M HCl, the 
presence of Fe up to 10 mg L− 1 did not affect the As(V) signal (Fig. 5e). In 
contrast, in CLAC, the As(V) peak height decreased rapidly as Fe con
centration increased, with a complete loss at 30 μM Fe (1.67 mg L− 1) 
(Fig. 5c). The decrease in arsenic signal might be attributed to removal 
of As(V) from the dissolved phase by adsorption onto newly precipitated 
iron oxyhydroxides [61], which does not occur at pH 1 (0.1 M HCl). This 

Fig. 5. A: effect of copper; B: effect of humic and fulvic 
acid; C: Voltammogram showing As(V) peak decrease as a 
function of Fe(III) in CLAC (no EDTA); D: effect of EDTA 
on As(V) peak in CLAC; E: effect of Fe(III) on As(V) peak 
in the presence of EDTA. All experiments were performed 
with 25 μm gold microwire electrode, 10 μg L− 1 As(V), 
Edep = − 1200 mV, tdep = 10s, and 10 μM KMnO4. Points 
in figures are averages of triplicate measurements and 
standard deviations are given as error bars. (For inter
pretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.)   
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is a clear difference between the two pH levels and may be advantageous 
as it would allow the user to measure the truly dissolved (non-adsorbed) 
inorganic arsenic at high pH, and the total inorganic arsenic (dissolved 
+ adsorbed) in acidic conditions, where the low pH will cause desorp
tion of arsenic, similar to results reported in estuarine waters [51]. 
Nevertheless, this experiment further strengthens the importance of 
rapid analysis of groundwater and avoiding the formation of oxide 
species after the sampling of water that would eventually change As 
speciation. This is particularly important for reducing groundwater 
conditions such as India, which tend to contain high levels of iron [16], 
which readily oxidises and precipitates once in contact with air. 

Previous studies have shown that addition of acid or EDTA imme
diately after sample filtration are effective in preventing precipitation of 
such iron oxide/hydroxides and thereby changing arsenic speciation 

[16]. Here, we tested the effect of EDTA on the detection of As(V) in 
CLAC in the presence of 10 μM KMnO4 with/without high levels of Fe 
(III). The As(V) signal decreased as the EDTA concentration increased 
(Fig. 5d), possibly due to the complexation of Mn(II) with EDTA, 
inhibiting its electrochemical reduction at the electrode surface (Eq. 
(2)). Whilst the peak height decreased (40% lower at 1 mM EDTA), the 
position and shape of the As(V) peak was not significantly altered. 
Addition of 1 mM EDTA in CLAC, allowed the detection of As(V) even in 
the presence of high Fe(III) concentrations of 180 μM (10 mg L− 1) 
(Fig. 5e). 

In West Bengal, concentrations of 45 μM Mn have been reported in 
groundwater [16]. We tested the effect of Mn(II) concentrations up to 
300 μM (16 mg L− 1) on the arsenic signal. In both acidic and 
near-neutral electrolytes, no significant effect was observed (Fig. S4). 

Fig. 6. A and B = Inorganic arsenic measurements in 
CLAC and 0.1 M HCl respectively by voltammetry vs. 
ICP-MS measurements in Kolkata (2022) and Mexico 
(2021). C = All arsenic measurements analysed by 
voltammetry during this study. D = Inorganic arsenic 
concentration measured by ICP-MS as a function of 
filter fractions at nine different stations in West 
Bengal, plotted with the iron concentration at those 
specific sites. Points in figures are averages of tripli
cate measurements and standard deviations are given 
as error bars.   
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3.5. Field analysis 

3.5.1. Total inorganic arsenic determination 
The groundwater samples collected in Mexico had arsenic concen

trations varying from 1 to 90 μg L− 1, while concentrations in India 
varied from 3.4 to 1157 μg L− 1, the highest concentrations being 
detected in Chapar, Bihar. For both countries, total inorganic As con
centrations determined by voltammetry in the CLAC buffer (pH 4.7) and 
in HCl (0.1 M) agreed very well with ICP-MS measurements (with slopes 
of +1.03 ± 0.02, R2 = 0.99 and + 1.06 ± 0.02, R2 = 0.99 respectively, 
Fig. 6a and b). These measurements include eight groundwater wells 
and three treated drinking water sources in Mexico, and fifteen 
groundwater wells in Chakdaha block (West Bengal). The samples were 
collected at various depths (Table S1), from shallow (~15 m) to deep 
aquifers (~150 m) with varying chemical compositions (Table 2). For all 
samples, the concentration measured by voltammetry in CLAC provides 
a very good estimate of the total arsenic concentration, as measured by 
ICP-MS (Fig. 6a). Good correlation was also found between voltam
metric measurements done in CLAC and in HCl (Fig. 6c), although 
variation was observed in samples collected in India 2019. This varia
tion may be an artefact of data recording, because two different oper
ators were running the measurements. Considering all data, the 
correlation between concentrations in CLAC and HCl is strong (slope 
0.95 ± 0.04, R2 = 0.93, Fig. 6c) but improves substantially if samples 
from India 2019 are discarded, and only those from India 2021 and 
Mexico 2022, where only one operator ran all sampling, are included in 
the analysis (slope = 0.96 ± 0.02, R2 = 0.99). The good agreement 
between voltammetry and ICP-MS for all groundwaters samples tested 
here indicates that all arsenic was present in a voltammetrically labile 
form, i.e. as inorganic species, since unlike ICP-MS analysis of acidified 
samples, voltammetric techniques are not sensitive to the presence of 
organic arsenic (e.g. DMA [27]). 

Humic substances have been shown to interfere with the As(V) signal 
in both 0.1 M HCl and in the CLAC buffer at concentrations in the range 
of 0.5 mg L− 1 to 10 mg L− 1 in laboratory conditions (section 3.4.2). No 
interference was observed during analysis, due to the high dilution 
factors. Mexican groundwater samples all had relatively low humic 
concentrations (<20 μg L− 1, Table 2) while groundwaters in West 
Bengal had relatively high levels of humic concentration, between 0.5 
and 1.3 mg L− 1. Whilst arsenic can be complexed by organic matter [51, 
59], such as humic and fulvic acids present in reducing Indian ground
waters, the agreement between ICP-MS and CLAC + KMnO4 detection at 
pH 4.7 indicates that any such complexes would have been voltam
metrically labile. 

3.5.2. Effect of filter sizes on As concentration 
During the sampling campaign in India in 2019, groundwater wells 

were filtered with 0.45, 0.2, and 0.02 μm membrane filters immediately 
after collection. The 0.02 μm filtering was done using the 0.45 μm 
filtrate to avoid possible blockage of the filter. Filtration was done 
within 10 min of sampling. All these samples were analysed by ICP-MS. 
Interestingly, there were no significant differences in dissolved As and 
Fe concentrations in the filtrate of the 0.45, 0.2 and 0.02 μm filters, 
indicating that (1) arsenic is present in the soluble fraction, and (2) 
precipitation of iron was not significant in any of those samples within 
the short time that the water filtering was performed (Fig. 6d). This 
experiment suggests that filtration can be performed immediately after 
sampling, before the precipitation of iron oxides occurs, without altering 
the arsenic speciation. Similar experiments were done in Mexico with 
the addition of an unfiltered sample measured by ICP-MS. Likewise, no 
significant differences in arsenic concentration were found as a function 
of the filter size (Fig. S5). 

3.5.3. Electrode stability during field campaigns 
We used microwire electrodes fabricated using a new method. It was 

important to assess the stability, robustness, and reproducibility of these 

electrodes. The same type of working electrodes (Gold WireBond) were 
used for the three fieldwork campaigns; in Mexico 2021 and India 2022, 
only one electrode was used for each fieldwork; in India 2019, different 
electrodes were used in CLAC and HCl. The stability of the electrode was 
assessed by (1) monitoring the gold oxide reduction peak in 0.5 M H2SO4 
(which is directly proportional to the real surface area of the electrode 
[52]); (2) monitoring the electrode sensitivity as given by the slope of 
the standard additions; (3) collecting backscattered electron (BSE) mi
crographs of the electrode used in India 2022 before and after use. 

Firstly, the gold oxide reduction peak remained stable over the 
course of the fieldwork in Mexico 2021 and India 2022. This observation 
did not agree with the decrease in electrode sensitivity that was 
measured during analysis. This decrease in sensitivity was related to the 
increased usage (i.e. decrease in sensitivity with increased usage). If 
there were no interferences, and assuming reproducible stirring condi
tions and constant chemical conditions (e.g. concentrations of acid or 
EDTA), the sensitivity should remain constant for the same type of 
electrode (i.e. 25 or 30 μm diameter). This was not the case and sig
nificant variations in sensitivity were observed during analysis in India 
(Table 2), similar to results in another study where arsenic analysis was 
performed under acidic conditions [24]. BSE images (Fig. 7) of the 
electrode used in India 2022, for measurements in both CLAC and HCl, 
show increased roughness of the electrode surface, although no increase 
in the size of the gold oxide reduction peak was observed during the 
conditioning of the electrode. Surprisingly, when scanning the elec
trode, we observed a layer peeling off the surface. The thin layer (esti
mated thickness of approximately 0.2 μm) contains numerous, mostly 
circular holes. Energy dispersive X-ray spectroscopy (EDX) identified the 
composition of the layer to be gold, suggesting that the layer peeled 
away from the surface is the gold microwire itself (Fig. S6). Hydrogen 
bubbles may be responsible for the presence of the circular holes 
observed in the peeled layer, produced either during the sulfuric acid 
cleaning stage or during analysis in 0.1 M HCl. Further work is required 
to determine whether hydrogen is responsible for the observed surface 
damage, however, these observations indicate that hydrogen generation 
at the gold electrode may not be beneficial to the mechanical stability of 
the electrode. Because strong hydrogen generation is used for the 
cleaning process in sulfuric acid (− 2 V for 10 s) for all electrodes, this 
might explain why similar loss of sensitivity with usage is observed for 
measurements carried out in 0.1 M HCl or in CLAC. 

The sensitivity, as measured by the slope of standard additions, 
varied considerably from 60 to 70 nA ppb− 1. s− 1 to below 10 nA ppb− 1. 
s− 1. Such variations are large and unexpected. We checked how the 
sensitivity varied with age of the electrode, deposition time, dilution 
factor, concentrations of humic substances, EDTA, Fe, Mn or Cu in the 
voltammetric cell (Table S2 and Fig. S7). The main influencing factor for 
the decrease in sensitivity seems to be electrode usage. A high dilution 
factor tends to increase the sensitivity, suggesting an interference effect 
from the species present in the groundwater. Interestingly, there does 
not seem to be much difference between the decrease of sensitivity 
observed in CLAC and in HCl (Figure S7 H-J), suggesting that acidic 
conditions are not responsible for the observed changes and measuring 
at a higher pH does not improve the stability of the sensitivity. We tested 
the effect of imposing +800 mV (highest potential used in our proced
ure) in CLAC by running 1000 striping scans preceded by 5s at 800 mV. 
An increase of the roughness was clearly visible on SEM pictures 
compared to an electrode having gone through the same treatment but 
up to 500 mV only (Fig. S7). However, it is likely that the change in 
electrode sensitivity is due to a combination of factors, including 
memory effects, composition of the water tested, efficiency of the 
cleaning stage (in sulfuric acid), deposition time, and age of the elec
trode. In any case, such variation in sensitivity shows that arsenic con
centrations can only be determined through the method of standard 
addition; an external calibration procedure would result in significant 
errors. 
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Table 2 
Voltammetric and ICP-MS measurements in West Bengal (WB1 = 2019; WB2 = 2022), Bihar (B) and Central Mexico (Mex). n.d = not determined; n.a. = not available anymore. The uncertainty given is the standard 
deviation of triplicate measurements.  

Site Information Voltammetric measurements ICP-MS measurements 

Site Total As_CLAC 
(μg L− 1) 

Sensitivity (nA. 
ppb− 1.s− 1) 

Dilution 
factor 

Deposition 
time(s) 

Total As_HCl 
(μg L− 1) 

Sensitivity (nA. 
ppb− 1.s− 1) 

Dilution 
factor 

Deposition 
time(s) 

Humic substances 
(μg L− 1) 

As (μg 
L− 1) 

Fe (μg 
L− 1) 

Mn (μg 
L− 1) 

Cu (μg 
L− 1) 

Caminos land (Mex) 16.9 ± 1.3 20 10 30 17.6 ± 1.5 23 10 30 n.d. 16.1 8.5 0.3 1.7 
San Luis Rey (Mex) 11.5 ± 0.6 9.6 4.0 30 11.3 ± 0.8 17 1.1 10 9.0 ± 0.4 9.4 23.4 6.9 2.5 
Puerto de Nieto 

(Mex) 
40.4 ± 4.2 13 10 30 38.0 ± 4.3 22 10 30 11.6 ± 1.4 35.5 202.0 20.2 0.2 

Sosnabar (Mex) 2.4 ± 0.1 7.3 1.1 60 2.4 ± 0.1 8.4 1.1 60 n.d. 2.3 1.1 0.1 1.1 
La Esparanza (Mex) 18.9 ± 1.0 9.9 4.0 30 21.0 ± 1.4 12 1.1 10 13.5 ± 1.2 21.7 3.3 0.3 1.3 
Lourdes (Mex) 18.2 ± 0.2 12 4.0 30 20.4 ± 0.7 16 4.0 30 11.4 ± 0.8 24.6 686.1 4.0 0.2 
Pozo Hondo (Mex) 30.5 ± 4.4 12 4.0 30 35.3 ± 2.1 13 4.0 30 11.2 ± 0.6 33.3 7.2 0.5 0.3 
Ex Hacienda de 

Jesus (Mex) 
52.8 ± 4.1 13 10 30 68.9 ± 8.0 14 10 30 16.0 ± 0.6 61.7 4.9 1.3 1.7 

Clyva (Mex) 4.3 ± 0.5 15 1.1 30 4.8 ± 0.2 17 1.1 30 n.d. 4.8 24.6 1.0 2.3 
Inmaculada (Mex) 5.6 ± 0.5 14 1.1 30 6.1 ± 0.2 14 1.1 30 n.d. 5.0 18.0 0.9 2.4 
Agua Puri (Mex) 2.3 ± 0.1 13 1.1 30 3.0 ± 0.1 16 1.1 30 n.d. 2.7 13.0 0.9 3.1 
Silinda 1 (WB2) 85.4 ± 0.9 25 40 10 77.9 ± 3.0 20 20 10 391.5 ± 14.7 80.7 1271.9 88.5 0.2 
Silinda 2 (WB2) 77.8 ± 5.6 24 40 10 81.9 ± 0.2 18 20 10 825.1 ± 27 84.4 6080.0 248.1 49.1 
Darapur 1 (WB2) 70.4 ± 3.3 22 40 10 80.4 ± 2.2 16 20 10 243.9 ± 10.7 76.3 2701.9 128.5 0.1 
Darapur 2 (WB2) 96.8 ± 6.3 23 40 10 94.5 ± 10.0 16 20 10 714.0 ± 22.5 84.5 3042.9 264.5 3.8 
Sahispur 1 (WB2) 226.2 ± 19.6 8.3 40 30 246.3 ± 29.2 19 40 10 739.5 ± 16.2 220.5 3924.0 275.4 0.1 
Sahispur 2 (WB2) 3.0 ± 0.2 21 1.1 10 n.d. n.d n.d. n.d. 223.7 ± 8.5 3.4 30.1 130.9 1.1 
Sahispur 3 (WB2) 284.3 ± 9.4 9.3 40 30 286.1 ± 5.0 20 40 10 474.9 ± 13.6 280.8 4.6 229.8 0.0 
Sahispur 4 (WB2) 62.1 ± 1.0 11 40 30 75.4 ± 2.8 24 40 10 509.7 ± 27.0 52.7 3887.4 140.1 0.3 
Banamalipara 1 

(WB2) 
12.0 ± 0.6 10 4.0 30 19.2 ± 3.3 9.0 4.0 30 242.6 ± 21.3 13.4 2413.8 316.3 12.9 

Chakudanga 1 
(WB2) 

124.5 ± 18.1 13 40 30 120.0 ± 4.6 23 40 30 1172.2 ± 41.0 100.06 4293.4 472.5 1.3 

Chakudanga 2 
(WB2) 

132.8 ± 9.9 11 40 30 143.2 ± 5.9 23 40 10 514.1 ± 22.0 125.8 3109.1 428.8 0.9 

Banamalipara 2 
(WB2) 

5.5 ± 0.2 11 4.0 30 5.7 ± 0.6 13 2.0 30 116.7 ± 2.2 5.5 2.7 473.9 0.1 

Banamalipara 3 
(WB2) 

36.2 ± 0.3 12 10 30 35.6 ± 2.6 5.3 10 30 145.8 ± 19.1 32.8 4977.0 105.7 0.2 

Banamalipara 4 
(WB2) 

12.8 ± 0.7 11 10 30 7.9 ± 1.2 9.3 2.0 30 150.9 ± 4.4 7.1 4857.1 520.9 4.7 

Banamalipara 5 
(WB2) 

17.2 ± 2.9 12 10 30 15.4 ± 1.2 20 10 30 391.3 ± 22.1 9.9 1899.5 332.8 2.1 

Sahispur (WB1) 166.8 ± 1.7 87 203 16 137.1 ± 6.5 50 40 10 n.d. 220.8 4730.6 243.3 n.d. 
Parari (WB1) 64.0 ± 1.3 79 102 16 36.7 ± 3.0 67 40 10 n.d. 76.5 1144.0 39.3 n.d. 
Banamalipara 

(WB1) 
10.6 ± 0.1 78 21 16 10.5 ± 0.6 57 4.0 15 n.d. 12.8 3607.2 311.7 n.d. 

Amdanga (WB1) 67.2 ± 0.7 78 102 16 54.0 ± 1.6 64 10 10 n.d. 80.9 852.6 24.6 n.d. 
Chakudanga (WB1) 90.7 ± 1.6 65 102 16 83.0 ± 1.9 51 20 10 n.d. n.d. 8569.3 311.6 n.d. 
Silinda 1 (WB1) 37.6 ± 0.6 39 41 16 39.3 ± 1.9 46 20 10 n.d. 54.1 4744.3 83.8 n.d. 
Silinda 2 (WB1) 63.4 ± 0.9 29 52 16 47.3 ± 0.6 48 10 10 n.d. 81.4 6224.8 233.3 n.d. 
Balinapara 1 (WB1) 3.6 ± 0.4 47 5.0 16 n.d. n.d n.d. n.d. n.d. 4.8 3872.4 506.2 n.d. 
Balinapara 2 (WB1) 41.7 ± 2.6 36 21 16 49.2 ± 3.4 42 10 10 n.d. 40.5 1743.9 79.9 n.d. 
Station 1_Patna (B) 521.4 ± 45.4 n.a.a. n.a.a. n.a.a. 571.3 ± 45.4 24 200 10 n.d. 557.0 4014.0 794.4 n.d. 
Station 2_Patna (B) 805.5 ± 34.8 n.a.a. n.a.a. n.a.a. 809.0 ± 34.8 227 100 5 n.d. 918.7 1716.7 1166.3 n.d. 
Station 3_Patna (B) 975.1 ± 63.5 n.a.a. n.a.a. n.a.a. 1062.1 ±

63.5 
24 100 5 n.d. 1157.1 3256.9 1240.2 n.d. 

Station 4_Patna (B) 39.0 ± 2.5 n.a.a. n.a.a. n.a.a. 32.4 ± 2.5 14 20 30 n.d. 33.4 66.2 1026.4 n.d. 

(continued on next page) 
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4. Conclusions 

This study has shown that total As, i.e. As(III) and As(V), can be 
detected over a wide pH range (including neutral pH) using anodic 
stripping voltammetry, in the presence of KMnO4, with a portable device 
using a sturdy electrode, sensitive and a convivial method that can be 
used with non-experts. After investigating a range of buffers, the optimal 
electrolyte was found to be a chloride containing acetate buffer (CLAC). 
Detection limits were sub-ppb level with deposition time in seconds 
only, and the linear range was sufficient for quantification of all field 
samples using the method of standard. No purging was needed, thereby 
decreasing the analysis time and improving the portability of the sensor. 
Measurements in the CLAC buffer were generally favourable over 
analysis in 0.1 M HCl, considering that the interfering effect of copper is 
reduced significantly, a better agreement with benchmark ICP-MS was 
observed and in general, it was more sensitive as compared to analysis in 
0.1 M HCl. Addition of 1 mM EDTA did not interfere significantly with 
analysis, indicating that the chelating agent can be used as an additive at 
the time of sampling to prevent Fe (and/or Mn) precipitation in reducing 
groundwaters such as in India. The method was successfully applied to 
both reducing groundwaters in India (i.e. As(III) rich) and oxidising 
groundwaters in Mexico (i.e. As(V) rich), providing good correlation 
with ICP-MS measurements. The gold microwire electrodes are sturdy, 
easy to manipulate and can be used for a long time; a single electrode 
here was used for the analysis of more than 220 Mexican groundwater 
samples by ASV, each sample being measured by standard addition with 
triplicate measurements (9 measurements per sample giving more than 
2000 ASV scans for a single electrode). The standard addition procedure 
takes about 10 min when using a short deposition time of 10 or 30 s. It 
was found that the electrode sensitivity is somewhat affected by the 
deposition time, but the major controls on sensitivity are electrode usage 
and groundwater chemistry. Thus, the results of this work demonstrate 
that this new method is a promising technique that can easily and 
quickly measure arsenic concentration in groundwater. 
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Fig. 7. BSE micrographs of the Au WireBond sensor showing the smooth sur
face of a new electrode and the damaged surface of the electrode used in India 
2022. (25 μm diameter). 
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