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Analytical Tools for Monitoring Arsenic in the Environment
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Abstract: Inorganic arsenic possesses the highest toxicity threat amongst all its forms found in natural groundwater and
its mobility in aquatic systems and in the soil is of great environmental concern. Besides their toxicity to humans, arsenate
and arsenite are highly toxic to plants. Arsenic can only be transformed into a less-toxic material and becomes a perma-
nent part of the environment. Thus, there is a continuing need for its monitoring at arsenic-containing sites where it occurs
naturally at elevated levels. This report reviews technologies with the potential to measure and monitor arsenic in the en-
vironment. However, we focus on the modern electrochemical methods of arsenic detection in drinking water. The pros
and cons of such techniques are discussed with respect to their sensitivity, ability to detect the chemical states of arsenic,
reliability, potential interferences, and ease of operation. In particular, emphasis has been devoted to more recent topics
including modern stripping voltammetry, electrode modification, nanomaterials, and biosensors. The necessity for field
instrumentation, detection and monitoring has also been addressed.

INTRODUCTION

Odorless and tasteless arsenic in ground water supplies
has attracted much attention due to its wide occurrence in
Bangladesh, India, Inner Mongolia, China, and many other
countries. This toxic element is unevenly distributed in the
earth’s crust in soil, rocks, and minerals and ranked twenti-
eth in abundance of elements in the earth’s crust (~1.8 mg
kg™) [1]. Arsenic occurs as a major constituent in more than
200 minerals, including elemental As, arsenides, sulfides,
oxides, arsenates and arsenites. Arsenopyrite (FeAsS), real-
gar (As4S4) and orpiment (As,;S;) are the most important of
these minerals [2]. Arsenic is one of the most toxic elements
encountered in the environment. Arsenic is also a major
component of the thermal water with a concentration up to
47 mg/L (ppm) in carbonaceous chloride mineral springs [3].
Arsenic enters lakes, rivers, or underground water when
mineral deposits or rocks containing arsenic dissolve. Arse-
nic is then released to soil, surface water, groundwater, and
the atmosphere with other metals including Cu, Pb, Ag, and
Au. Arsenic is also a by-product of some agricultural and
industrial activities such as the burning of waste and fossil
fuels (especially coal), gold and base metal mining, or agri-
cultural use of pesticides and feed additives. Although indus-
trial use of arsenic has decreased in recent years, it remains a
significant source for human health problems.

Arsenic exists in four valency states: As(-III), As(0),
As(IIT) and As(V) with oxidized As(IIl) and As(V) as the
most widespread forms in nature. Under reducing conditions
arsenite, As(Ill) is the dominant form existing as arsenious
acids (HASO32', H,AsO;™ and H3;AsO;) whereas in oxygen-
ated environments arsenate, As(V) is normally the stable
form existing as arsenic acids (H,AsOy, HASO42', and
AsO,”). Arsenic forms bonds with organic sulfur, nitrogen,
and carbon. As(III) reacts with sulfur and sulfhydryl groups
such as cystine, organic dithiols, protein and enzyme, but it
does not react with amine groups or organics with reduced
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nitrogen constituents. In contrast, As(V) reacts with reduced
nitrogen groups such as amines, but not sulfhydryl groups.
Carbon forms organoarsenicals with both the trivalent and
pentavalent forms. As(V), is a form of As with many indus-
trial/commercial applications such as agricultural pesticides,
glass manufacturing, Cu refining and the prevalent form in
soils under oxidizing conditions [4]. As(II]) is expected to be
the primary form of As encountered in waste environments
and water-saturated soils or soils with significant organic
matters. The complexation of arsenic (III and V) with dis-
solved organic matters in the environment prevents sorption
and co-precipitation with solid-phase organics and in-
organics. Therefore, the mobility of arsenic in aquatic sys-
tems and in the soil is of great environmental concern [5].

According to the World Health Organization, there is an
urgent need to develop simple, reliable, sensitive, and inex-
pensive equipment for field measurement. This report re-
views technologies with the potential to measure and moni-
tor arsenic in the environment. However, we focus on the
modern electrochemical methods of arsenic detection in
drinking water.

TOXICITY OF ARSENIC

An estimated 65 million Bangladeshis are exposed to
poisoning through drinking water, since the ground level
arsenic concentration in some locations reaches as high as 2
mg/L (2 ppm) [6]. Arsenite is about 50% of the total arsenic
(10-1000 ppb) in the groundwater of many wells in West
Bengal (India), whereas As(III) was found to be the domi-
nant form of the total arsenic (400-800 ppb) with a ratio of
2.6:1 over As(V) in Taiwan [7]. In addition, the people in
such countries often use this water for crop irrigation result-
ing in the introduction of arsenic in the food chain through
various plants including rice. The World Health Organiza-
tion (WHO) as well as the US Environmental Protection
Agency (EPA) has set the arsenic standard for drinking wa-
ter at 10 ppb and water systems had to comply with this
standard by January 23, 2006 to protect the public [8]. In the
United States, Western states have more systems with arse-
nic levels greater than 10 ppb. The standard is based on life-
time exposure to arsenic from drinking water, and takes into

2007 Bentham Science Publishers Ltd.



8 The Open Analytical Chemistry Journal, 2007, Volume 1

account the ability to measure arsenic and to remove it from
drinking water supplies. Unfortunately, this standard cannot
be met by some developing countries where the old standard
of 50 ppb is still considered as an acceptable level mainly
because of economical factors. Surprisingly, as many as 56
million people in the US have consumed water with arsenic
at unsafe levels [9]. In Canada, arsenic levels in Canadian
drinking water are below 5 ppb, although concentrations
might be higher in some areas.

After swallowing, arsenic in drinking water is absorbed
and distributed in the bloodstream. The human body gets rid
of arsenic mostly through urine, with smaller amounts re-
moved through the skin, hair, nails, and sweat. The highest
levels of arsenic are found in nails and hair, which accumu-
late arsenic over time. Like many contaminants that enter
drinking water supplies, arsenic is potentially hazardous at
high levels. Short-term exposure (days/weeks) to very high
levels of arsenic in drinking water can result in abdominal
pain, vomiting and diarrhea; muscular cramping or pain,
weakness and flushing of skin, skin rash; numbness, burning
or tingling sensation or pain in hands and feet; thickening of
the skin on the palms of the hands and soles of the feet; or
loss of movement and sensory responses [10]. Long-term
exposure (over many years or decades) to high levels of ar-
senic in drinking water may also cause: thickening and dis-
coloration of the skin; nausea and diarrhea; decreased pro-
duction of blood cells; abnormal heart rhythm and blood
vessel damage; or numbness in the hands and feet [10]. Ar-
senicosis is a chronic disease with a significant latency pe-
riod for non-cancer and cancer effects. Arsenite enters cells
at neutral pH by aquaglyceroporins (glycerol transport pro-
teins) in bacteria, yeast, and mammals and its toxic effect is
a result of its ability to bind sulthydryl groups of cysteine
residues in proteins, resulting in protein inactivation [11].
The organic arsenic species abundant in seafood are readily
eliminated by the body, thus being much less harmful to
health. According to the World Health Organization (WHO),
there is an urgent need to develop simple, reliable, sensitive,
and inexpensive equipment for field measurements. Inor-
ganic compounds consist of water-soluble arsenite (As(II)),
the most toxic form and arsenate (As(V)), the less toxic
form. Arsenite is about 10 times more toxic and mobile [12]
than arsenate and 70 times more toxic than the two methy-
lated species: dimethylarsinate and monomethylarsonate.
Arsenobetaine and arsenocholine are virtually non-toxic.
However, low risk arsenic (V) compounds can be readily
converted back into As(IIl) by bacterial and other environ-
mental activities [13]. Besides their toxicity to humans, arse-
nate and arsenite are highly toxic to plants because they un-
couple phosphorylation and inhibit phosphate uptake. At
higher concentrations, arsenic interferes with plant metabolic
processes and inhibits growth and under severe conditions, it
may lead to plant death [13].

Electroanalysis is adaptable for field assays, relatively
inexpensive, and can produce a large number of screening
results in a short time. The electroanalytical use of microfab-
ricated arrays with a well-defined and reproducible geometry
has increased. These arrays offer several benefits, such as
low noise level, sensitivity, cost efficiency, and applicability
for use in field portable or in-situ instrumentation. Unlike
colorimetric field kits, electrochemical techniques can yield
precise quantitative data when careful analytical methods are
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followed. In groundwater, arsenic is predominantly present
as As (III) and As (V), together with a minor amount of
methyl and dimethyl arsenic compounds [14]. Therefore, it is
of priority importance to develop methods for the selective
determination of As(III) and As(V). In this review, we exam-
ine current analytical procedures with a focus on the electro-
chemical methods for inorganic arsenic species, i.e., total As,
As (IIT) and As (V).

ANALYTICAL PROCEDURES FOR MEASUREMENT
OF ARSENIC

Accurate measurement of arsenic in drinking water re-
quires expensive and sophisticated instrumentation and fa-
cilities as well as trained staff. These techniques include;
atomic absorption spectroscopy (AAS), atomic fluorescence
spectrometry, inductively coupled plasma (ICP), ICP/mass
spectrometry (MS), and LC/MS/MS. Such techniques pro-
vide limits of detection well below the WHO arsenic guide-
line (10 ppb), but are lab-based instrumentation. They are
also time consuming and not suitable for routine monitoring
of large numbers of samples.

-Hydride Generation: Perhaps, this is the most popular
sample derivatization method for inorganic arsenic detection.
Field kits have been used extensively to test for arsenic in
groundwater, and in many cases, it is the only assay applied.
The current baseline methodology involves a variety of tech-
nologies that are all variations of the “Gutzeit” method, de-
veloped over 100 years ago [15]. In brief, sodium or potas-
sium tetrahydroborate is used for arsine production as
NaBH, and KBH, are both reliable reducing reagents [16].
This procedure can differentiate As (III) from As (V) since
As (IIT) reacts with tetrahydroborate at a higher pH than As
(V). However, transition metals might interfere with the de-
termination of arsenic, due to the reaction of the interfering
transition metal ions with the NaBH, reductant. L-cysteine is
very useful for preventing iron interferences.

Most of the commercial kits use zinc powder as a reduc-
ing agent for As (V) and As (IIl) to arsine (AsHj3) which
passes through or over a piece of paper impregnated with
mercuric bromide to form mixed arsenic/mercury bromides
(AsH,HgBr) [16].

As4O¢ + 12 Zn +24H — 4AsH;(gas) + 12 Zn® "+ 6H,0
Zn +2H" — Zn*" + H, (gas)

The color change from white to yellow to brown is com-
pared with a calibrated color scale or transferred into a digi-
tal readout. The limiting step, hydride generation reaction,
varies from 10 to 30 min, depending upon reagents used.
Sulfur, selenium, and tellurium compounds are potential
interferents. The Dupont oxidizing agent Oxone” is added
prior to arsine generation to overcome possible interferences
from hydrogen sulfide, which creates grey spots on the pa-
per. Alternatively, the generated arsines are passed through a
piece of paper impregnated with lead acetate before they
reach the mercuric bromide reagent [17]. The best reported
limit of detection with these kits is 2 ppb. However, data
obtained by the field kits do not corroborate well with labo-
ratory methods, especially when the estimation is based on
color visualization. This inexpensive method can be easily
handled by minimally trained personnel. However, it cannot
detect monomethylarsonate and dimethylarsinate. The assay
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generates toxic mercury solid waste and highly toxic arsine
gas, well above the threshold limiting value of 0.05 ppm by
volume recommended by the Occupational Safety and
Health Administration [18].

-Test Kits: To date, most field test kits detect high levels of
arsenic but are unreliable at lower concentrations (less than
100 ppb) of concern for human health. As discussed, these
kits based on the classical Gutzeit test, involve the reduction
by zinc of arsenite and arsenate to arsine gas, which then is
used to produce a stain on mercuric bromide paper or silver
diphenyl dithiocarbamate. Although these tests are much less
expensive (US$0.5/sample) compared to ICP (US$8-
10/sample) 33% of the measurements would have been con-
sidered as false negative, particularly in the range below 70
ppb. Beginning in 1997, the World Bank, WHO, and other
international agencies used field kits extensively to test local
groundwater wells [19]. Arsenite ion electrochemically re-
duced into arsine gas [20], compared favorably to reduction
by the chemical reducing agent sodium borohydride. The
arsine gas reacted with a silver compound to give a highly
colored complex that can be measured quantitatively with a
detection limit of 50 ppb. However, gold, copper, and iron
(IIT) species present in the sample interfere with the sample
reduction. Arsine can bleach a dye in a solution containing
detergents and metal particles to provide detection for arse-
nic as low as 30 ppb. Arsine gas can pass through a perme-
able membrane and is then oxidized to arsenate and trans-
formed into its molybdenum complex. With this method, 15
ppb As(V) can be detected from unfiltered samples without
interference from phosphate, nickel, copper, and iron, which
interfere with the molybdenum blue assay as well as the
conventional SW-846 laboratory analytical method [21].

-ICP: The plasma atomizes and ionizes all forms of arse-
nic so that the response does not vary with species as in the
more traditional AAS methods. ICP is often used together
with MS or AES (Atomic Emission Spectroscopy). The ICP-
MS technique provides higher precession and lower detec-
tion limits. Sample introduction via electrothermal vaporiza-
tion should be used to overcome plausible interference from
high levels of chloride due to the formation of argon chloride
in the plasma (the same mass as arsenic, 75As). However, it
is still problematical for the determination of low concentra-
tions of arsenic in “real-world” samples due to the poor ioni-
zation efficiency in ICP. Detailed information on this subject
can be found elsewhere [22]. Several reports on the determi-
nation of arsenic in water have appeared since the first report
of this method in 1993 [23].

-Neutron Activation Analysis (NAA): The decay of
target nuclides in the sample with a definite half-life, upon
activation with formation of radioactive nuclides, emits beta
particles and gamma rays which can be detected by a NAA
high-resolution gamma-ray spectrometer. As one of the most
sensitive analytical techniques, NAA is often used as a refer-
ence method. However, spectral interferences are encoun-
tered, possibly owing to a high salt level in sea water [24].
This problem might be overcome by using Pb(NO); and
TiCl; as the carrier and reducing agent.

-Capillary Electrophoresis (CE): In combination with a
sensitive detection technique, CE using a 50-75 pm diameter
fused silica capillary has potential as an analytical technique.
Under an applied separation potential, charged analytes are
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separated based upon differential migration rates. CE has
been used to detect arsenic by direct absorbance of the arse-
nic species with detection limits in the ppm range whereas
indirect laser-induced florescence detection shows detection
limits for arsenic in the range of 250 ppb [25]. However,
with indirect UV, detection limits below 1 ppb can be
achieved. A recent study developed miniaturized detection
devices using isotachophoresis [26]. A microfabricated chip
(8-cm long, 8-cm wide and 6-mm thick) is fabricated and
fitted with a conductivity detector with a detection limit of 2
and 5 ppm for arsenite and arsenate, respectively. The size,
durability, and ease of use make CE a strong candidate for
sensor technologies, provided greater sensitivity can be
achieved with other detection schemes.

-Laser-induced Breakdown Spectroscopy (LIBS): This
technique can determine the elemental composition of aero-
sols, liquids, gases, and solids qualitatively and quantita-
tively in real time with a single laser pulse. A high-powered,
pulsed laser beam is focused directly into the targeted sam-
ple to form a small laser-induced breakdown, called a laser
spark. The resulting high-temperature plasma is sufficient to
vaporize, atomize, and electronically excite a small amount
of the sample matter. The electrons within these atoms gain
energy, and subsequently emit light at characteristic wave-
lengths as the plasma cools and the electrons relax to their
original condition (i.e., ground state). Speciation is not pos-
sible because the technique vaporizes the sample arsenic and
due to its poor detection limit (400 ppm), considerable re-
search needs to be done to improve the detection limits for
arsenic [27].

-Atomic Force Microscopy (AFM): AFM uses a micro-
cantilever, coated with a “detector film” that interacts with
the desired species. The adsorption of a target analyte onto
the film causes one of several changes: surface stress, a tem-
perature change, or increased mass. These surface changes
all result in the microcantilever deforming (bending). This
technology has been applied for the detection of chromate
and cesium [28, 29]. These sensors all demonstrated excel-
lent sensitivity, capable of ppb detection limits, and high
selectivity. It may be possible to design a coating capable of
selectively binding arsenic. Microcantilevers have been fab-
ricated in array for multiple sensing applications.

-Surface Enhanced Raman Spectroscopy (SERS):
Raman spectroscopy identifies and quantitates the concentra-
tion of molecules by measuring the wavelength and intensity
of the laser light scattering. A molecule is adsorbed onto a
metal surface (usually silver), and laser light is reflected off
the adsorbed molecule. The change in wavelength of the
scattered light is dependent on the vibrational spectrum of a
target molecule. Raman spectra of arsenite and arsenate in
solution are known, although minimum detection limits have
not been determined. However, a sensor that uses cationic-
coated silver particles as substrates to detect perchlorate,
chromate, dichromate, and cyanide anions has been devel-
oped. The coating attracts the anions to the SERS substrate
where they are identified and quantified by their characteris-
tic Raman scattering. The technique is able to detect chro-
mate anions to levels of 60 ppb [30]. This technology can be
miniaturized with recent advances in laser and microfabrica-
tion, therefore, SERS technology can be a serious contender
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provided good sensitivity and selectivity for arsenic com-
pounds can be attained.

ELECTROCHEMICAL PROCEDURES

Electrochemical detection techniques may provide an
attractive alternative due to their ease of portability and low-
cost instrumentation. Low-cost electrochemical methods
include; polarographic techniques, cathodic stripping volt-
ammetry (CSV) and anodic stripping voltammetry (ASV).
All of the above techniques are applicable for the determina-
tion of As(IIl). The sample with As(IIl) can be effectively
preserved in hydrazinium chloride and kept refrigerated in
order to prevent its oxidation to electro-inactive As(V). Oth-
erwise, arsenite will be converted to arsenate within 6 days.
There are some conflicting results concerning the preserva-
tion of As(IIl) in ascorbic acid. For the determination of total
and/or speciation of arsenic in water sample, As(V) must be
reduced to As(III). Several procedures have been developed
to address this issue. The most popular reductant potassium
iodide, must be used together with ascorbic acid to prevent
the oxidation of iodide to triiodide by air. Notice that the
reduction only occurs in a strong acidic media and potassium
iodide can be used with tin chloride or sodium sulfite. Other
reductants are mercaptoacetic acid and L-cysteine. As(V)
can be reduced to As(IIT) by heating the sample with concen-
trated hydrochloric acid and 48% hydrobromic acid at 95-
100°C for 45 min. Another procedure involves heating
As(V) with sodium sulfite (Na,SO;) in concentrated acid
solutions (1 M hydrochloric acid or 1 M perchloric acid).

-Polarography (Linear Sweep Voltammetry (LSV) at
the Hanging Mercury Drop Electrode (HMDE)): Unfor-
tunately, LSV, the oldest electrochemical method for the
determination of trace inorganic metals provides poor detec-
tion limits due to high capacitive currents [31-33]. Differen-
tial pulse polarography (DPP) reduces capacitive currents
and thus improves the detection limit. However, DPP is still
not sensitive enough for the determination of arsenic in wa-
ter [14]. Polarography is an outdated technique for arsenic
determination due to its low sensitivity for arsenic detection
at low concentrations in drinking water. Differential pulse
polarography yields better sensitivity, however, is associated
with less selectivity. These techniques usually involve the
utilization of a mercury dropping electrode which itself can
pose a toxicity threat to the user involved. Arsenic is not as
soluble in mercury as other trace metals such as Sb, Pb, Cd
etc. and therefore provides a weaker signal when it is anodi-
cally stripped using DPP [34]. Other polarographic tech-
niques for arsenic determination include ac/dc polarography,
oscillography [35], square wave polarography [36], rapid
linear sweep polarography [32], etc. They are performed
under acidic conditions in perchloric, hydrochloric, nitric
and sulfuric acids or a combination of two. Typical limits of
detection range between 10 ppb and several ppm. Due to the
availability of more sensitive electrochemical methods for
arsenic detection only a few articles have been published
utilizing DPP since the early 1990s. These include work by
P. Sharma [37] for the sequential trace determination of
As(IIT) and As(V) using DPP for industrial waste water
analysis with a detection limit of 10 ppb. E. O. Reyes-Salas
[38] performed a simultaneous detection of Ni, Co, Sb, and
As in a mining aqueous sample with a detection limit of 1.4
ppm for arsenic.
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-Cathodic Stripping Voltammetry (CSV): In principle,
stripping analysis provides enhanced sensitivity compared to
direct polarography because the analyte is pre-concentrated
on the working electrode. CSV of arsenic at the HMDE is
based on arsenic pre-concentration in highly acidic media
with further scanning in the cathodic direction to obtain a
peak due to the formation of arsine. In order to increase sen-
sitivity, intermetallic complexes of arsenic are stripped from
HMDE, whereby As (III) reacts with copper or selenium to
form the relevant complex, which can be stripped cathodi-
cally.

Deposition: 2A8 + 3MHg + 6" — M;As; + 3 Hg
Stripping: M3As, + 12 H' + 12¢ + 3Hg — AsH; + H, + 3MHg
where M = Se or Cu

As expected from the above scheme, copper interferes
with this method, since it is co-deposited at the same poten-
tial applied. Copper (II) at a concentration 10 times that ar-
senic reduces the arsenic peak height by about half. Copper
is a common element which is often present in water sam-
ples. Adeloju [39] determined As (III) by cathodic stripping
potentiometry (CSP) on a glassy carbon mercury film elec-
trode in the presence of copper (II) ions. By using a mercury
film electrode with the application of a constant cathodic
stripping current, copper interference problems can be over-
come, unlike methods for arsenic which utilize gold film
electrodes. Detection limits obtained at mercury films elec-
trodes were comparable to the levels accomplished by CSV
on a HMDE and to that reported for anodic stripping poten-
tiometric analysis, as addressed shortly, on a gold film elec-
trode. Most cathodic stripping techniques are carried out by
using a HMDE, as this electrode does not suffer from the
disadvantages of the solid electrodes, including the response
as a function of the history or the formation of oxide films.
However, anodic stripping of arsenic using a HMDE is not
analytically useful due to interference from the oxidation of
mercury.

-Anodic Stripping Voltammetry (ASV): This technique
for trace arsenic analysis, which is based on the deposition of
metal arsenic on the electrode surface with subsequent ano-
dic stripping, is as follows.

Deposition: As™" + 3¢ — As’
Stripping: As’ — As’ + 3¢’

The arsenic oxidation peak appears as a shoulder on the
mercury oxidation wave on a HMDE. Different electrode
materials including; platinum, gold, mercury, modified
glassy carbon (GC), and boron doped diamond have been
used for these sensing techniques in combination with a va-
riety of acids such as HCI, H,SO,4, HC10, and HNO; as sup-
porting electrolyte for the As(III) reduction to elemental As.
GC electrodes modified by gold nanoparticles are able to
detect arsenic as low as 10 ppt by ASV [40] (linear sweep or
square wave). However, the lowest contamination level of
As in commercially available HCl and HNO; is just below
10 ppt and this could pose an analytical challenge for at-
tempts to detect arsenic around this level. Nevertheless, EPA
has already approved analytical method SW-846-7063 for
ASV which is capable of measuring from 0.1 to 300 ppb of
free (i.e., not adsorbed or bound to any other species in solu-
tion) arsenic.
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An Anodic Stripping Voltammetric field apparatus called
the Nano-Band™ Explorer is portable and suitable for field
test. A minimum detection limit (MDL) level of ~13 ppb is
achieved, but the Nano-Band™ Explorer requires consider-
able technical ability. The PDV 6000, another Anodic Strip-
ping Voltammetric field apparatus offers MDL levels of ~7
ppb. However, some operations re%}lire professional judg-
ment. The discontinued Metalyzer © 5000 instrument can
measure multiple toxic metal concentrations in water using
the ASV technique with detection limits below ppb levels.
However, when arsenic samples are spiked with other com-
mon metals at twenty and forty times the analyte concentra-
tion, the sensitivity for arsenic detection dramatically de-
creases. ASV also suffers interference from many species,
such as surfactants in water samples.

Microelectrodes offer several advantages for heavy metal
analysis by ASV, including a reduced noise level and a high
diffusion transfer towards the electrode, eliminating the need
for stirring during the concentration step. Arrays of micro-
electrodes integrated on silicon chips retain the attractive
properties of a single microelectrode, while enhancing the
sensor response by more than two orders of magnitude [41,
42]. Gold nanoparticles are usually electrodeposited from an
acidic gold salt solution onto the glassy carbon (GC) surface
by applying a constant potential to the electrode or by con-
tinuous cyclic voltammetry [43, 44]. These systems show
good reproducibility and sensitivity. However, electrode
performance depends critically on the uniformity and density
of the particles. In order to obtain sensitive and reproducible
results high quality gold films must be produced by optimiz-
ing different parameters that include electrode surface
smoothness, deposition potential, deposition time, gold salt
concentration etc. In a recent work by Majid et al. [43], gold
nanoparticles are deposited on a dual GC electrode within a
flow cell setup and used to monitor mineral drinking water
samples. A detection limit of 0.25 ppb is reached with good
reproducibility within + 1.1%. Stability of the electrode is
tested over 40 repetitive injections and long term stability is
satisfactory over a one month period. Another study involv-
ing flow injection analysis of arsenic includes the work of
Zen [45] where a Prussian blue modified screen printed elec-
trode is used with chronoamperometry for the detection.
Such systems could play a vital role in online water quality
monitoring for trace metals. Nanoparticles have also been
deposited on surfaces other than glassy carbon. In one study
gold nanoparticles are electrodeposited on to an indium tin
oxide coated glass substrate to monitor arsenic in 1 M HNO;
using LSV [46]. In spite of a moderate limit of detection of 5
ppb and short term stability of several days, these substrates
are cost effective to produce and could be used as disposable
electrodes in field analysis. Although gold films have been
utilized with good success for arsenic determination in drink-
ing water, electrochemical interference by other trace metals
has always remained an issue. As an interfering species cop-
per has by far received the most attention. Copper co-
deposits with arsenic during the deposition step before strip-
ping and can form an intermetallic compound CuzAs; as well
as metallic copper. The stripping peaks for these species
overlap and mask the arsenic peak, decreasing the detection
limit depending upon the copper concentration. Chloride
interference can also play a role in complicating arsenic de-
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tection [47]. However, this interference can be avoided by
using a different acid instead of HCIL.

Platinum nanoparticles have also served as the electrode
material with limited success. Dai [48] in a recent study elec-
trodeposited platinum nanoparticles on to a glassy carbon
surface for arsenic detection in 1 M HCIO,4. With a limit of
detection of 2 ppb this technique was free from any copper
interference. Gold is superior to platinum as a working elec-
trode material due to a higher hydrogen overvoltage, lack of
reproducibility is a serious drawback of solid gold electrodes
and macro-sized gold film electrodes. To ensure good repro-
ducibility, re-activation of the electrode surface before each
measurement is mandatory. The electrode must be re-plated
and washed with the sample before each measurement. The
formation of hydrogen bubbles during the deposition time
also affects reproducibility. A rotating glassy carbon elec-
trode with a gold film or gold rotating disk electrode can be
used to remove the hydrogen bubbles [49]. The performance
of such a system is dependent upon acidity, deposition time,
rotation rate, scan rate, and the electrode reaction. In order to
overcome problems commonly encountered by gold macro-
electrodes a multiwall carbon nanotube modified gold elec-
trode has been proposed [50]. This was accomplished by
modifying carbon nanotubes with thiol groups which where
then used to bind the tubes to the gold surface. No apparent
interferences and a 0.3 ppb limit of detection were reported.
Gold microelectrodes can alternatively be used for arsenic
detection. These electrodes are associated with smaller cur-
rents, quick steady state attainment, small diffusion layer,
less ohmic iR drop, faster response time and higher sensitiv-
ity due to enhanced diffusion current per surface area. Salaun
[51] reported a sensitive method for the detection of both
As(IIT) and As(V) with stripping chronopotentiometry using
a 5 um gold microelectrode. Irish seawater, mineral water,
and tap water were investigated. The copper peak was de-
tected simultaneously at a more positive shifted potential
than arsenic due to the use of a very low pH of 1. A limit of
detection of 0.2 nM (0.015 ppb) was attained which is more
sensitive than ASV methods. High sensitivity can also be
attained with gold microelectrodes using hot-wire electro-
chemistry [52, 53]. In such systems, the temperature of the
electrode is ramped up from room temperature to 60°C by a
sine-wave power generator connected to the electrode via a
high frequency transformer. Signal to noise is reduced and
better deposition is achieved by efficient convection near the
electrode surface. Heating microwires for hot electrochemis-
try does not affect the temperature of the bulk solution. A 10
to 15-fold enhancement was observed with these systems
compared to similar setups using rotating disc electrodes. A
detection limit of 1 nM (0.075 ppb) was reported. In another
attempt to enhance detection sensitivity, arsenic detection
was performed under low frequency sound during the depo-
sition step using square wave anodic stripping voltammetry
and a gold microdisc electrode [54]. This increased the sensi-
tivity by 50-fold and decreased the detection limit by 2 or-
ders of magnitude to 3.7 nM (0.3 ppb).

Boron doped diamond (BDD) is a relatively new alter-
nate electrode material for ASV. It offers low background
current, a large potential window and long term stability.
Bare BDD electrodes have been proven as a suitable elec-
trode substrate for determination of trace metals such as
manganese and lead (CSV). Its ASV use for the determina-
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tion of mercury and lead, as well as simultaneous detection
of lead and copper and lead and cadmium have also been
reported [55, 56]. However, As(Ill) is not oxidized in the
potential window of aqueous solutions at the surface of a
bare BDD electrode. Although a detection method with elec-
trogenerated iodine at a BDD electrode in the presence of
As(IIT) is feasible [57], the sensitivity is not very satisfac-
tory. Arsenic (III) detection in 1 M HCI with a diamond thin-
film electrode modified by co-deposited gold particles pro-
vides a sensitivity of 0.01 pA/ppb and linearity ranges from
0.005-40 ppb [58, 59]. Electrodeposition of gold onto BDD
microdisc arrays for arsenic detection has also been investi-
gated [60]. An array of 40 um diameter BDD microdisc elec-
trodes separated from each other by 250 um spacing in a
hexagonal fashion was fabricated using vapor deposition
techniques. The sensitivity and LOD determined was 1.32
AM™ and 0.38 nM (0.028 ppb), respectively. These ASV
techniques also suffer two major drawbacks: lengthy analy-
sis time (15-20 min for the deposition of arsenite) and severe
interference by copper, another common metal found in
natural deposits and ground water. These interferences can-
not be easily overcome since several metals and ion species
can be co-deposited and stripped off under this operating
procedure. In addition, the reproducibility of the signal and
reusability of the electrode surfaces for these schemes have
not been clearly addressed. In a recent study, the interference
due to copper and chloride has been overcome by modifying
boron doped diamond microelectrodes with platinum
nanoparticles and detecting arsenite oxidation to As(V) by
linear sweep voltammetry [61]. This detection device could
be used for 150 repetitive runs with a detection limit of 0.5
ppb. Electrochemical etching of platinum allows the reuse of
the BDD microelectrode. Iridium-modified, boron-doped
diamond electrodes fabricated by an ion implantation
method have been developed for electrochemical detection
of arsenite (As(IIl)) [62]. Ir" ions can be implanted with 800
keV and a dose of 10" ions cm™ followed by an annealing
treatment at 850°C for 45 min in H, plasma (80 Torr) to rear-
range metastable diamond produced by the implantation
process. The electrodes exhibit high catalytic activity toward
As(IIT) oxidation with a detection limit of 20 nM (1.5 ppb).
To date, most of the research indicates that it is only possible
to directly measure arsenite with ASV; arsenate has to be
chemically reduced to arsenite, followed by another ASV
measurement since a very high cathodic potential is neces-
sary to reduce As(V) to As’ (lower than -0.7 V vs 3 M
Ag/AgCI/KCI).

BIOSENSORS AND BIOASSAYS

Many micro-organisms such as algae, fungi, yeast and
bacteria have been used for biosorption of toxic elements. As
an example, Chlorella vulgaris can transform inorganic ar-
senic compounds and oxidize As(III) to As(V). The arsenite-
oxidizing bacteria so far isolated either can gain energy from
arsenite oxidation or have been proposed to do so as part of a
detoxification process. Aerobic growth with arsenite as the
electron donor is exergonic, generating a substantial amount
of free energy. Other microorganisms can reduce arsenate to
arsenite or even arsine (AsHj3) whereas marine algae trans-
form arsenate into non-volatile methylated As compounds
such as methylarsionic acid and dimethylarsinic acid in sea-
water. However, this fact has not yet been exploited as a
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practical way toward the development of a biosensor for
As(IIT) or an analytical system for arsenic speciation.

Arsenite can be oxidized to less toxic arsenate chemically
or microbially (As(II1)O, + 2H,0 — As(V)O43' +4H" +2¢
). Chemolithoautotrophic arsenite oxidation, for which oxy-
gen is used as a terminal electron acceptor, arsenite as the
electron donor and carbon dioxide as the sole carbon source,
has been reported for microorganisms such as Rhizobium sp.
strain NT-26 isolated from gold mines [63]. The molybde-
num-containing arsenite oxidase from this microorganism is
responsible for the oxidation of arsenite to arsenate. The
chemolithoautotroph NT-26 oxidizes arsenite to arsenate by
using a periplasmic arsenite oxidase. Purification and pre-
liminary characterization of the enzyme reveal that it (i) con-
tains two heterologous subunits, AroA (98 kDa) and AroB
(14 kDa); (ii) has a native molecular mass of 219 kDa, sug-
gesting a 0,3, configuration; and (iii) contains two molybde-
num and 9 or 10 iron atoms per a,f; unit. Very recently, a
biosensor has been designed to combine the specificity of the
enzymatic oxidation of arsenite oxidase and the sensitivity of
electrochemical detection [64]. The enzyme is electrochemi-
cally deposited on a multi-walled carbon nanotube modified
glassy carbon electrode to form a sensitive and specific bio-
sensor for the analysis of arsenite in contaminated water
samples. The resulting biosensor enables direct electron
transfer, i.e. effecting reduction and then re-oxidation of the
enzyme such that arsenite could be detected in 10 s with a
detection limit of 1 ppb without any interference from cop-
per. Based on an enzyme inhibition assay, an amperometric
biosensor to determine As (V) has been developed based on
the entrapment of acid phosphatase (AcP) and poly phenol
oxidase (PPO) in a single anionic clay layer [65]. Successive
hydrolysis of phenyl phosphate into phenol by AcP followed
by oxidation of phenol into quinone by PPO constitutes the
basic working principle of the sensor. Quinone is detected
from the clay layer which is deposited on a glassy carbon
electrode. Arsenic concentration is determined by its ability
to inhibit the conversion of phenyl phosphate into phenol by
AcP. This method can specifically determine As (V) without
interference from As (III) or phosphate. A detection limit of
1.5 ppb is established based upon an incubation period of 20
min. Inhibition of acetylcholinesterase by As (III) has also
been investigated for arsenic determination [66]. However,
the enzyme can be inhibited by other metals and chemicals,
therefore this approach is limited to well-defined samples.

Table 1 provides a comparison of the described analyti-
cal, electrochemical and biosensor techniques for arsenic
analysis with respect to limits of detection (LOD) and gen-
eral comments regarding advantages, drawbacks and poten-
tial interferences. In addition, it is important to take note that
sample preparation is a critical step in the analytical proce-
dure used in all of these analytical techniques. Ground water
is very clean; therefore, the sample can be processed without
or with minimal treatment. However care must be taken to
avoid contamination and prevent speciation changes during
sample collection and storage. Reducing and oxidizing
agents need to be avoided to preserve the oxidation state of
the arsenic compounds and ideally plastic containers should
be acid washed. Samples should be stored in a refrigerator,
however for arsenic speciation studies which cannot be per-
formed within a week, the samples should be frozen until
analysis [67]. Samples used with electrochemical detection
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normally need to be acidified and care must be exercised to
use acids of extremely high purity to avoid contamination by
arsenic from the acid. The most common method for extract-
ing total As from soils and sediments involves wet ashing of
the sample using a combination of acids which can be per-
formed with microwave-digestion ovens [68]. In addition the
determination of arsenic in solid phases can be performed by
a selective sequential extraction (SSE) [69]. SSE has been
successfully employed to determine the source of As in the
widespread Bangladesh aquifer system [70]. Flow injection
(FI) on-line sequential extraction coupled with a detection
scheme provides rapid, automatic, and sensitive fractionation
of As in soils. The procedure offers several advantages in-
cluding better accuracy, less sample/reagent consumption,
and lower risk of contamination and analyte loss [71] com-
pared with traditional batch-mode sequential extraction.

Conceptually, modern biology techniques can create an
arsenic-responsive DNA control sequence and link it to a
reporter gene towards the development of an arsenic biosen-
sor. When it is exposed to arsenic compounds, the reporter
gene will produce a highly colored material or a fluorescent
protein. Although genetically modified microbes are used to
develop a set of semi-quantitative assays for potable water,
only limited success is achieved for quantifying arsenic. It is
not clear whether the microorganisms measure all of the ar-
senic in a sample or just the bioavailable arsenic. The appli-
cation of microbes as a biosensor for bioavailable arsenic is
the subject of another review. Changes in color pigmentation
of two water plants upon exposure to arsenic are another
interesting phenomenon. However, more work is required
for this “low tech” assay since the coloration changes in
plant systems may be due to factors other than arsenic expo-
sure.
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CONCLUSIONS

Arsenic, derived from anthropogenic and geologic
sources, has been considered one of the most toxic elements,
affecting millions of people who rely on groundwater as
drinking water. There is a critical need for the development
of reliable and simple methods for arsenic testing in the field
or laboratory. Various analytical techniques are available for
the determination of arsenic species. Lab-based instrumenta-
tion such as ICP-MS and graphite furnace AAS applications
provide accurate and reproducible results. The development
of newer technology such as AFM and SERS is still in its
infancy and they might suffer from high throughput potential
and cost issues. X-ray fluorescence can be used for measur-
ing arsenic in biological materials and environmental sam-
ples. This method has the advantage that no sample digestion
or separation steps are required. However, the sample must
be pre-concentrated on a suitable solid substrate such as
resin to give a detection limit of 20-50 ppb [72]. Hydride
generation combined with atomic fluorescence spectroscopy
is a relatively new technique that provides sensitivity better
than 20 parts per trillion and linearity up to 10 ppm.

Colorimetric assays offer rapid results and are cost-
effective; however, the reliability and sensitivity remain a
critical issue. However, research is still active to improve
detection sensitivity. Due to their versatility and miniaturiza-
tion, electroanalytical techniques have been of great interest
in monitoring arsenic contamination on site. To date, elec-
trochemical techniques provide reliable results for fairly
clean and well-defined samples in laboratory conditions.
However, extensive filed testing and a more rigorous analy-
sis of applicability for environmental measurements remain
to be accomplished. Another criticism of using electro-
chemical methods in the field is electrode fragility. Rugged

Table 1. Some Key Features of Different Analytical Techniques for Analysis of Arsenic

Method Limit of Detection (LOD) pgL™" (ppb) Comments

ICP-AES 0.7 High sensitivity, however equipment is expensive and requiring trained per-
sonnel

ICP-MS 0.002-0.06 Higher precision and lower detection limits compared to ICP-AES

Neutron Activation Analysis

0.001-0.02

High sensitivity, possible spectral interferences

Capillary Electrophoresis

2-5

Good sensitivity but requires indirect measurement methods

Surface Enhanced Raman

Not determined

Selectivity and sensitivity have been shown for chromate, could be promising

(SERS) for arsenic
Colorimetric Assays (Gutzeit) 1230 Slmpl‘e, but generates arsine gas and is prone to false positive and false
negative readings
Polarography 10 Poor detection limits, use of toxic mercury and better electrochemistry
(LSP, DPP, SQP) techniques now available
Cathodic Stripping Voltam- 05 Sensitive, however copper interference a problem and use of mercury a
metry (CSV) ’ concern
Anodic Stripping Highly sensitive, hoyvever interference from other ‘rr{etals (copper) a major
0.05-0.5 concern, analysis time can be lengthy. Reusability of electrodes and
Voltammetry (ASV) e .
reproducibility of signal a concern
M.O dified boron doped Sensitive and elimination of interferences by copper and chloride.
diamond (BDD) with 0.5 . .
- Reproducible signal and reusable electrode
Pt nanoparticles
Arsenite Oxidase based 1.0 Sensitive and very selective to As(III). No interference from copper and fast
Biosensor ’ analysis time (10 s)
Biosensor 15 Sensitive and selective to As(V), however enzymes can be inhibited by other

(AcP and PPO)

metals and chemicals
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field instruments and remote long-term sensors need to be
developed and microfabrication and wireless technology could
fulfill this requirement.

Arsenic associated with various organic matters, rather
than its total concentration affects its mobility, bioavailability,
and toxicity. This is another major challenge since the diffi-
culty lies in the extraction of the species from the sample
without disturbing equilibrium and changing the physical
form. Arsenic cannot be transformed into a non-toxic material
and as a permanent part of the environment; there is always a
need for its monitoring at elevated levels. Another important
issue is the measurement of the amount of arsenic that can be
absorbed by a living organism. Although bioavailability will
play a strong role in future environmental regulation, the tech-
niques for measuring bioavailable arsenic are varied and the
subject of future research endeavor. The field measurements
of organoarsenic compounds have not received any attention;
perhaps, they are less acutely toxic than inorganic arsenic. As
an important fraction of the total environmental arsenic, they
should not be discounted.
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