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Abstract In natural environment, Arsenic (As) occurs in four oxidation states,
namely, As(V), As(III), As(0), and As(−III). The oxidation state of As determines
its toxicity and mobility in the environment. Thus, quantification and speciation of
As are critical in assessing the overall risk. Further, As being a class A carcinogen,
it is of interest to both environmental scientists and analytical chemists. Thus,
sensitive and adept determination of As and speciation of different forms of As in
various environmental matrices are indispensable. Most of the countries around the
world have relevant official regulations on permissible levels of As in drinking
water. In India, the permissible limit of As in drinking water is set at 10 µg/L by
Bureau of Indian Standards (BIS) and WHO guideline value is also 10 µg/L. In this
review, we focus on extraction of As from various environmental samples, As
speciation, sample treatment, and determination of As in various matrices.
Analytical methods for the determination of various forms of As like atomic
absorption spectrophotometer (AAS), hydride generation AAS (HG_AAS), atomic
fluorescence spectrometry (AFS), inductively coupled mass spectrometry (ICPMS),
electrochemical methods, capillary electrophoresis (CE), high-performance liquid
chromatography (HPLC), HPLC coupled with mass spectrometer (HPLC-MS),
neutron activation analysis, and biosensors are also summarized. Determination of
As in the field using various field test kits available in the market is also detailed.
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2.1 Introduction

Arsenic (As) is one of the most abundant elements in earth’s crust (Ahmed 2009). As
contamination in groundwater has been reported in more than 20 countries, out of
which Bangladesh and India, inner Mongolia and Taiwan are severely affected
(Chakraborti et al. 2002; Rahman et al. 2001). Around nine districts in West Bengal,
India, and fifty districts of Bangladesh have reported to contain As levels above
WHO permissible limit of 10 µg/L in groundwater (World Health Organisation
1993). Long-term exposure to As leads to various kinds of cancer including skin,
lung, liver, bladder, and kidney (World Health Organization 2001). The four pre-
dominant oxidation states of As found in natural environment are: As(III), As(V),
As(0), and As(−3). The mobility of As in water and its toxicity toward living being is
dependent upon the oxidation state of As (Meng et al. 2003). As predominantly
exists as As(III) and As(V) with a minor amount of monomethyl arsenic (MMA) and
dimethyl Arsenic (DMA) in groundwater (Fig. 2.1). Generally, inorganic As com-
pounds are considered to be more acutely toxic compared to organic arsenicals and
the toxicity of organic arsenicals decreases with methylation. Thus, the order of
arsenic toxicity is As(III) > As(V) ⋙ MMA > DMA (Shiomi 1994).

Hence, it becomes extremely important to speciate arsenic and determine with
sensitivity below 10 µg/L. Speciation of arsenic is reported using various tech-
niques including hydride generation (HG) (Holak 1969), chromatographic tech-
niques like ion chromatography (IC) (Ammann 2011), high-performance liquid
chromatography (HPLC) (Jia et al. 2016), capillary electrophoresis (CE) (Qu et al.
2015) etc. The most commonly used detection method for As are inductively
coupled mass spectrometry (ICP MS), graphite furnace atomic absorption spec-
trophotometer (GFAAS), hydride generation atomic absorption spectrophotometer

Fig. 2.1 Arsenic species
found in water (Leermakers
et al. 2006)
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Fig. 2.2 Schematic representation of various stages for determination of different forms of As.
AEC anion exchange chromatography, CEC cation exchange chromatography, IC ion exchange
chromatography, RP reversed-phase chromatography, HG hydride generation, CE capillary
electrophoresis, SPE solid-phase extraction, AAS atomic absorption spectroscopy, GFAAS graphite
furnace atomic absorption spectroscopy, HGAAS hydride generation atomic absorption spec-
trophotometer, ICPAES inductively coupled plasma atomic emission spectrometry, NAA neutron
activation analysis, XANES X-ray absorption near edge spectroscopy, XRF X-ray fluorescence,
CSV cathodic stripping voltammetry, ASV anodic stripping voltammetry

(HGAAS), which have detection limits ranging from 0.5 to 50 µg/L (United States
Environmental Protection Agency 1999a). Thus, this chapter focuses on the com-
prehensive review of extraction of arsenic from various matrices, speciation, and
detection using various methods. Determination of As in the field using various
field test kits available in the market is also detailed. The schematic representation
of various stages of As determination is detailed in Fig. 2.2.

2.2 Extraction of Arsenic

With the advancement of various technologies, assessment of As in various envi-
ronmental samples could be carried out directly without resorting to a preconcen-
tration or extraction step. In general, HG techniques are quite selective as the
interference from matrix elements are removed as the analyte is volatilized as
gaseous arsine. However, the applicability of this method to seawater is a challenge
due to the presence of high amounts of chloride ions. Reviews have been reported
on As determination in environmental samples (Akter et al. 2005), water
(Llorente-Mirandes et al. 2017), and food (Guell et al. 2010) samples.
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2.2.1 Water

Guell et al. (2010) used Aliquat 336 in 4% dodecane to extract ppb levels of As(V)
and As(III) at pH 13. It was found that As(V) extraction by aliquat-336 is kinetically
more favorable, and the adsorbed As(V) was desorbed using 0.1 M HCl. Using this
method, ppb levels of As(V) could be separated from As(III). Experiments were
performed with As-spiked groundwater, and the results obtained were satisfactory.
Preconcentration of trace amounts of As using ultrasonic bath and ionic liquid-based
microextraction methodology has been reported (Amjadi et al. 2011). Initially,
As(III) was extracted as ammonium pyrrolidine dithiocarbamate (APDC) complex
into ionic liquid, 1-hexyl-3-methylimidazolium hexafluorophosphate, using an
ultrasonic bath. Extracted As(III) was determined using electrothermal atomic
absorption spectrophotometer (ETAAS). A detection limit (3s) of 0.01 lg/L has
been reported. For six replicate determinations of 0.2 lg/L of As(III), the relative
standard deviation was found to be 4.6%. As speciation in seawater was studied by
collecting both As species in cobalt (III) oxide powder (Narukawa 2000).
Quantitative extraction of both inorganic forms of As was achieved using cobalt
(III) oxide powder as collector in the pH range of 1.0–11.0. Dimethyl arsine
(DMA) was extracted from seawater into benzene after addition of potassium iodide.
After extraction with benzene, the solution was acidified with 7.2 M HCl, and DMA
was collected on cobalt (III) oxide powder.

2.2.2 Soils and Sediments

The main challenge is to extract both forms of inorganic arsenic quantitatively and
minimize the conversion from one form to another. Georgiadis et al. (2006)
reported that that phosphate solutions with 0.5% sodium diethyldithiocarbamate
trihydrate (NaDDC) could be used to extract arsenic species and restrict the
transformation between As(III) and As(V) in the samples analyzed. Recoveries of
As(III) spiked samples ranged from 80 to 120% which As(V) concentration
remained constant. A similar procedure is reported by Garcia-Manyes et al. (2002)
using the combination of ascorbic acid and phosphoric acid. Other extraction
chemicals like 1,3-propanedithiol or 1,2-ethanedithiol (Szostek and Aldstadt 1998)
are methanol/hydrochloric acid/water (Yehl and Tyson 1997), acetone and
hydrochloric acid (Yehl et al. 2001) have also been reported. Extraction of phenyl
arsenic compounds have been carried out using supercritical fluid extraction with
carbon dioxide and methanol containing 15% dichloromethane as modifier. The
efficiency of the method is reported to be 40% (Thurow et al. 2002).
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2.2.3 Plants and Marine Organisms

Kroukamp et al. (2016) recently reviewed speciation of As along with other met-
alloids in plants. Extraction of arsenic from biological samples is always carried out
by shaking, heating, microwave digestion, or sonication. Generally, binary mixtures
containing ethanol/water (Zhao et al. 2015), methanol/water, or methanol/
chloroform are used (Alberti et al. 1995) for extraction purposes. Zhao et al.
(2015) reported various extractants for the quantiative extraction of arsenic species
from three different plants and subsequent determination by HPLC-ICP-MS.
Satisfactory extraction of >78% was obtained using a mixture of 25% ethanol in
water with sonication time of 0.5 h for fronds and 2.0 h for roots. Further, the
method preserved the arsenic species during extraction. The three solvent systems,
namely water, methanol, and 1:1 methanol-water were compared for the extraction
of As from Molluscs (McSheehy et al. 2001). It was reported that the extraction of
arsenic was found to be same in all the three systems. In marine organism, the kind
of arsenic species is arsenobetaine (AB) and is completely soluble in water and
>90% efficiency is found in all the three systems.

2.2.4 Biological Samples of Humans

To ascertain the seriousness of As contamination in human beings, As is analyzed
in human nails, urine and blood samples. Ultratrace As determination was carried
out in urine and blood samples by FI-HG-AAS after preconcentration and speci-
ation using dispersive liquid–liquid microextraction (Shirkhanloo et al. 2011).
Initially, As(III) was complexed with ammonium pyrrolidone dithiocarbamate at
pH 4 and extracted with ionic liquid (IL). Then the extracted As(III) was back
extracted from IL using HCl, and stripped As(III) was determined using
FI-HG-AAS. Total As was determined by initially reducing As(V) to As(III) using
KI and ascorbic acid in HCl solution. As(V) was determined by the difference
between total As and As(III) concentration. The method reported a LOD of 5 ng/L.
A good precision with RSD <5% was reported by using this method on biological
samples of multiple sclerosis patients.

In another method, a water-miscible ionic liquid (IL) ([Hmim][BF4]) was added
to the sample followed by the addition of an ion exchange reagent (NaPF6) to
obtain the hydrophobic IL ([Hmim][PF6]) (Howard 1997). The formed product
acted as extractant to extract trace amounts of As(III) and As(V) which was then
determined by ETAAS. In situ solvent formation microextraction exhibited a limit
of detection (3s), and the enrichment factor were 6 ng/L and 198, respectively. The
method was applied for the determination of total As in biological samples. Further,
the application of this method was found successful in food salts and water samples
as well.
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2.3 Arsenic Speciation and Determination

2.3.1 Hydride Generation

Speciation of both inorganic forms of As was achieved by hydride generation
technique. It is the most popular sample derivatization method used for determi-
nation of As(III) and As(V) (Howard 1997). Both sodium and potassium tetrahy-
droborate (III) are reliable reducing reagents for the conversion of As to volatile
arsine (Holak 1969). The ability of As(III) to react with tetrahydroborate at a higher
pH than As(V) was used for the differentiation of As(III) and As(V) species. Thus,
total arsenic could be determined by the reduction to arsine at acidic conditions and
at pH 4. As(III) was converted to arsine using tetrahydroborate. Concentration of
As(V) was acquired from the difference between the total As and As(III) concen-
tration. Inclusion of the flow injection technique along with HG decreased the
interference from transition elements (Yamamoto et al. 1985). Gonzalvez et al.
(2009) reported a method for the determination of As(III) and As(V) in food samples
using FI-HG-AFS. As(III) was measured directly by feeding the sample, and total As
was determined by reducing it with KI and ascorbic acid for 30 min. The method
reported a detection limit of 5.0 ng/g. Musil et al. (2014) reported a method or the
speciation of inorganic As from organic As using HG-ICPMS. Initially, the samples
were treated with HCl and NaBH4 and the generated arsine was sent to ICPMS
detector using Ar gas. Under these conditions, only inorganic As underwent
reduction to volatile arsine gas. The method was applied to the determination of
inorganic As from rice and marine organisms. HG is also used for pre-column or
post-column derivatization. In the pre-column derivatization, initially, volatile arsine
is formed which is cryogenically trapped and sequentially desorbed and carried to
the detector (Gomez-Ariza et al. 2000). In the post-column method, separation of As
species is carried out by HPLC followed by HG to improve the sensitivity of
detection (Sloth et al. 2003; Wangkarn and Pergantis 2000).

2.3.2 Chromatographic Method

Chromatography is a very powerful tool to separate various forms of As. Further,
coupling the chromatography with various element-specific detectors improves the
sensitivity and selectivity of As determination. As speciation by various chro-
matographic methods are adequately reviewed (Larsen 1998; Ammann 2011;
Feldmann et al. 2004). Among the various liquid chromatographic (LC) techniques,
ion exchange chromatography (IEC) and ion interaction chromatography (IIC) have
been widely used. In IEC, the analyte is transported into the column via a mobile
phase where the various species compete for stationary phase containing oppositely
charged functional groups and the separation of As species occurs by displacement
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of mobile phase ions. The hyphenated IEC-ICPMS offers detection levels in the
range of sub-nanogram levels, with great linear range.

Sheppard et al. (1992) reported a method for the speciation of inorganic and
organic As using ion chromatography(IC) coupled with ICP. A Wescan Anion/
R-IC, 250*4.1 mm i.d. was used as the ion exchange column with 2% propan-1-ol
and 50 mmol dm−3 carbonate buffer, pH 7.5 as eluants 1 and 2, respectively.
A gradient elution program was used to resolve the various peaks. The order of the
elution of various As species was As(III), DMA, MMA and As(V). Total run time
of the program was 12 min. The method was used for the determination of As in
urine, and limits of detection were found to be 4.9, 6.0, 1.2, 3.6 µg/L for As(III),
As(V), DMA, MMA, respectively.

Reversed-phase ion pair HPLC with mobile phases such as tetramethylammo-
nium cation or heptanesulfonate anion has also been reported. Seven As species have
been separated using hexanesulfonate as mobile phase using C18 column as sta-
tionary phase (Le et al. 1996). Kohlmeyer et al. (2002) separated 17 organo-arsenical
in single chromatographic run using ion exchange chromatography. Recently,
Rasheed et al. (2017) assessed 228 samples of groundwater from Pakistan for
inorganic and organic As using IC–ICPMS. It was found that As was present mainly
as As(V) and the levels of MMA, DMA, and AB were well below the permissible
limits.

Both inorganic and organic As species in various water samples were precon-
centrated using on-line solid-phase extraction (SPE) (Jia et al. 2016). In this tech-
nique, phosphine functionalized polymer microspheres have been used as solid
phase extractant. The inorganic and organic species, namely As(V), As(III), DMA,
and MMA species, have been quantitatively retained on the solid phase column and
were eluted with a mixed solution of ammonium nitrate and ammonium dihydrogen
phosphate. After preconcentration and separation, speciation and determination of
all the four As species were achieved using HPLC–ICP-MS technique. The
enrichment factor of 28 was obtained for DMA and As(III) in 25 mL sample solution
while a factor of 30 was obtained As(V) and MMA. The low detection limits of 0.91,
0.82, 0.96, 1.2 ng/L were obtained for As(V), MMA, DMA, and As(III),
respectively.

Gas chromatography (GC) in conjunction with mass spectrometry
(MS) (GC-MS) and GC-MS/MS has been used for the speciation of As. As spe-
ciation was achieved using derivatization agents like thiols, thioglycol methylate
(TGM), thioglycol ethylate (TGE) and British anti-Lewisite (BAL;
1,3-dimercapto-1-propanol) (Namera et al. 2012; Campillo et al. 2008; Takeuchi
et al. 2012; Kang et al. 2016). After derivatization, the samples were extracted in
dichloromethane and injected in GC/MS in SIM mode to quantify the As species.
Using GC-MS/MS technique, a very low detection limit of 0.08 pg was achieved
with very high precision and accuracy.
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2.3.3 Capillary Electrophoresis (CE)

CE is a robust separation technique possessing a high resolving power and used for
the separation of various As species based on its charge (Qu et al. 2015). In CE,
various separation processes are possible including capillary electrochromatography
(CEC), micellar electrokinetic capillary chromatography (MECC), isotachophoresis
(ITP), isoelectric focussing (IEF), and capillary zone electrophoresis (CZE) using
the same instrument (Michalke 2003). The interaction between the analyte and the
stationary phase is eliminated as the process is carried out without stationary phase.
Coupling this technique to MS and ICPMS has been reported. Qu et al. (2015)
reported a method for the quantification and speciation of As using CE-ICPMS
technique. In this technique, a-amylase enzyme facilitated the water-phase micro-
wave extraction of As species, including DMA, MMA, As(V), and As(III) from rice
matrices. Usually, capillary columns are as the nebulizer to couple CE to ICP-MS.
Some nebulizers may introduce backpressure which might affect the electrophoretic
separation due to production of laminar flow in the capillary, hence the choice of
the nebulizer is extremely important (Dressler et al. 2011). Yang et al. (2009)
introduced an improved sheath flow interface to facilitate the coupling of CE to
ICPMS. This sheath flow technique avoided laminar flow completely in the cap-
illary and enabled stable electric supply in CE and efficient transport of the sample
from CE to ICPMS. Sheath flow technique reduced the dead volume of interface to
approximately zero which led to lower detection limit and better electrophoretic
resolution. Thus, well-resolved peaks with lower detection limits (0.030–0.042 lg/L)
were obtained. Using a 100 cm length_50 lm ID fused-silica capillary as the neb-
ulizer, separation of various As species including As(III),As(V),DMA, MMA, AsB,
AsC, 3-NHPAA,4-NPAA,o-ASA(o-arsanilic acid), and p-UPAA was achieved using
CE-ICPMS technique (Liu et al. 2013). To ensure quality control in CE, methods like
internal standard, standard addition are often employed (Michalke 2003). Due to
application of high voltage during electrophoresis, alterations of the chemical species
may occur and the detection limits, reproducibility, and peak resolution are found to
be inferior to LC (Liu et al. 2013).

2.3.4 Detection Methods

The USEPA has recently reviewed the methods available for monitoring As (United
States Environmental Protection Agency 2004) Inductively coupled mass spec-
trometry (ICPMS), inductively coupled atomic emission spectrometry (ICP-AES),
hydride generation atomic absorption spectrophotometer (HG-AAS), graphite fur-
nace AAS (GFAAS) are the methods approved by USEPA. These methods report
detection limit in the range of 0.5–50 µg/L (United States Environmental Protection
Agency 1999b). In the last six years, lots of comprehensive reviews have been
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reported regarding arsenic speciation and analysis in various matrices (Radke et al.
2012; Ammann 2011; Leermakers et al. 2006; Akter et al. 2005; Llorente-Mirandes
et al. 2017; Tyson 2013; Rajakovic et al. 2013; Chen et al. 2014; Sadee et al. 2015;
Nearing et al. 2014; Quinaia and Rollemberg 2001).

The method chosen for the determination of arsenic depends on several factors
including detection limit, precision, selectivity, cost-effectiveness. Usually, the
sensitivity, selectivity, and speciation of arsenic are achieved by hyphenating the
various detection techniques with solid phase extraction (SPE), flow injection,
hydride generation, or liquid chromatography. Table 2.1 lists the various methods
available for arsenic and their corresponding detection limits.

Table 2.1 List of various analytical methods and their detection limits for As

Analytical method Detection
limit
(µg/L)

Strength/weakness of the
method

References

HG-AAS As(III) 0.6 Strength: low detection
limits compared to AAS and
GFAAS and speciation
Weakness: single element
analysis, strictly controlled
reaction conditions, time
consuming

Quinaia and
Rollemberg
(2001)

As(V) 0.5

FI-SE-HG-AAS As(III)
0.05

S: very low detection limit.
Applicable to seawater

Karthikeyan
et al. (1999)

As(V) 0.20

FI-HG-AAS As(III)
0.037

S: very low detection limit.
Applicable to groundwater
samples

Naykki et al.
(2001)

FI-HG-AFS As(III)
0.023

S: very low detection limit.
Speciation

Yan et al.
(2002)

SPE-GF-AAS As(III)
0.11

W: high detection limits
compared to other
techniques

Hsieh et al.
(1999)

As(V) 0.15

HG-ICP-AES As(III) 0.7 S: multielement analysis
W: high detection limits
compared to other
techniques

Hueber and
Winefordner
(1995)

TRXRF As(III)
0.65

W: high detection limit,
preconcentration and
separation procedure is
necessary

Cataldo (2012)

FI-ICPMS As(III)
0.021

S: low detection limit,
speciation, multielement
analysis
W: high operational cost

Yan et al.
(1998)

As(V)
0.029

(continued)
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Table 2.1 (continued)

Analytical method Detection
limit
(µg/L)

Strength/weakness of the
method

References

SPE-ICPMS As(III)
5.0 � 10−6

S: low detection limit,
speciation, multielement
analysis
W: high operational cost

Chen et al.
(2009)

As(V)
2.4 � 10−4

HG-ICPMS AsB
0.0301

S: low detection limit,
speciation of InAs and
organic As, multielement
analysis
W: high operational cost

Sengupta and
Dasgupta
(2009)DMA

0.0022

As(III)
0.0021

MMA
0.0021

As(V)
0.00208

FI-HG-ICPMS AsB
0.0192

S: low detection limit,
speciation of InAs and
organic As, multielement
analysis
W: high operational cost

Sengupta and
Dasgupta
(2009)DMA

0.0145

As(III)
0.0177

MMA
0.0192

As(V)
0.0321

Capillary
microextraction-ICPMS

As(III)
0.0109

S: low detection limit,
multielement analysis
W: in environmental
samples only As(V) could
be detected

Zheng and Hu
(2009)

As(V)
0.0062

PDC-NAA As(III)
0.001

S: sample not destroyed
W: preconcentration with
PDC is necessary to achieve
low detection limit

Sun and Yang
(1999)

LC-NAA As(III) 0.9 S: sample not destroyed
W: preconcentration using
liquid chromatography is
necessary to achieve
speciation and low detection
limit

Sanchez et al.
(2009)As(V) 1.7

MMA 1.6

DMA 3.8

Total As
16

(continued)
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2.3.5 AAS, AFS, ETAAS/GFAAS

In general, for the determination of arsenic in various environmental samples, both
AAS and AFS are coupled with hydride generation technique. Hydride generation
technique improves the selectivity as the analyte is separated from the matrix to
volatile hydride, and further sensitivity of the analysis is also increased. By con-
trolling the acidity of the reaction mixture during hydride generation, speciation is
also achieved. A LOD of 12 ng/L was achieved for the determination of As(V) by
HG-AAS (Tuzen et al. 2009) while HG-AFS reported LOD as 14 ng/L (Chen et al.
2013). The main interference in HGAAS technique is the interference from trace
elements like iron which could conveniently overcome by the addition of L-cysteine
(Howard and Salou 1996). Further, inclusion of flow injection technique eliminates
the interference from transition metals (Yamamoto et al. 1985). Electrothermal or
graphite furnace AAS (ETAAS/GFAAS) is based on the atomization of arsenic at
very high temperature using electric furnace. In general, the LOD of As by GFAAS
is 1 µg/L.

Table 2.1 (continued)

Analytical method Detection
limit
(µg/L)

Strength/weakness of the
method

References

HG-Gas diffusion amperometry As(Total)
5.0

W: high detection limit,
matrix effect

Lolic et al.
(2008)

HG-pervaporation-amperometry As(Total)
1.0

W: high detection limit Rupasinghe
et al. (2009)

CSV As(III)
0.035

S: low operational cost
W: high detection limit,
interference from matrix
elements

Gibbon-Walsh
et al. (2010)

DP-ASV As(V) 0.07 S: low operational cost
W: high detection limit,
interference from matrix
elements

AlvesGMS
et al. (2011)

Modified Au electrode, CV As(III)
0.047

S: low operational cost
W: high detection limit,
interference from matrix
elements

Giacomino
et al. (2011)

S strength; W weakness
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2.3.6 Total Reflection X-ray Fluorescence Spectroscopy
(TRXRF)

The major advantages of TRXRF are high sensitivity, hence with very low
detection limit, highly selective, and very low sample requirement. Sitko et al.
(2015) recently reported a method for the preconcentration of Arsenic using
mercapto-modified graphene oxide nanosheets and determination using TRXRF.
A LOD of 0.064 µg/L is reported for As(III). Speciation of As in cucumber
(Cucumis sativus L.) xylem sap was achieved using synchrotron radiation-induced
TRXRF. Arsenic speciation in xylem sap down to 30 µg/L (30 ppb) was achieved
using the above technique.

2.3.7 Electrochemical Methods

Several electrochemical methods are reported for the determination of arsenic. The
main disadvantage of these methods is the interference from matrix elements.
A detection limit of 20 µg/L is achieved for arsenite determination using differential
pulse polarography (Greschonig and Irgolic 1992). Higher sensitivity and selec-
tivity is achieved by stripping voltammetric procedures. In this process, arsenic is
electrochemically deposited on a suitable electrode followed by the oxidation to
metal back to the solution by a reverse potential scan. The oxidation or stripping
current is recorded as a function of the analyte concentration. Mays and Hussam
(2009) reviewed the various voltammetric methods for the determination of arsenic.
The most popular method for the determination of arsenic is anodic stripping
voltammetry (ASV). It is reported that Au electrodes are more sensitive than Pt
electrode, and a LOD of 0.2 µg/L was achieved (Forsberg et al. 1975). The most
commonly used method for the determination of As in ground waters of
Bangladesh involves the ASV using thin gold film-deposited glassy carbon elec-
trode. More than 950 samples of groundwater were analyzed using this method
(Aggarwal et al. 2001). Similar to ASV, cathode stripping voltammetry (CSV) are
also used for the determination of anions. Hanging drop mercury electrode (HDME)
is the most commonly used electrode; however, Cu and Bi electrodes are also being
used. A very low LOD of 0.01 and 0.02 µg/L for As(III) and As(V), respectively, is
reported using HBr as electrolyte by CSV (Profumo et al. 2005). Most of the
electrochemical methods reported are applicable only for As(III).

2.3.8 Neutron Activation Analysis (NAA)

In this method, the analyte is bombarded with neutrons to form radioactive nuclides
which further decay via b and/or c emission. The c rays emitted during the decay is
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detected by a multichannel c-ray spectrometer (Tulasi et al. 2013). Detection of As
in seawater was found to be difficult using NAA owing to the spectral interference
caused by the salt content of seawater (Shi and Chatt 2014). This interference was
overcome by adding lead nitrate and titanium chloride as carrier and reducing agent,
respectively, (Rottschafer et al. 1972). Analysis of total As and As speciation was
monitored in water and sediments from the Kwabrafo stream, in southwestern
Ghana. Total As content was determined by NAA, and ion pair reverse phase
high-performance liquid chromatography-neutron activation analysis (HPLC-NAA)
was used for speciation of As species. A solvent extraction preconcentration
method involving ammonium pyrrolidine dithiocarbamate (APDC) and
4-methyl-2-pentanone (MIBK) in conjunction with NAA was developed for the
simultaneous measurement of low levels of inorganic arsenic along with antimony
and selenium species in natural waters (Sun and Yang 1999). The LOD of As was
in the range 0.026 µg/L. Sun and Yang (1999) used lead nitrate and titanium
chloride as carrier and reducing agent in analysis of As in seawater by NAA.
Sanchez et al. (2009) combined column chromatography with NAA to separate and
analyze MMA, DMA, As(III), and As(V). The LOD for As(III), As(V), MMA,
DMA, and total As was found to be 0.9, 1.7, 1.6, 3.8, and 16 µg/L.

2.3.9 Inductively Coupled Plasma (ICP) Techniques

This technology was employed since the beginning of 1960s (Dickinson 1969).
Plasma is used in this technique to atomize and ionize all forms of arsenic in the
acidified sample. Generally, ICP is used in conjunction with atomic emission
(AES) (Sansoni et al. 1988) or mass spectrometric (MS) detectors (Stetzenbach
et al. 1994). ICP-AES is less commonly used technique compared to ICPMS. Low
sensitivity for arsenic using ICP could be attributed to poor ionization efficiency.
High precision, robust analysis, wide linear range, isotope analysis are the advan-
tages of ICPMS over ICPAES. In ICPMS, during direct nebulization, possible
interference from Ar arises due to the formation of dimer molecule (40Ar35Cl) in the
plasma which coincides with the mass of As (75As) (Colon et al. 2011). In recent
years, these interferences are overcome by the use of collision cell or diffusion cell
technology (Colon et al. 2011). In this technology, after the initial ion selection, the
dimers are allowed to collide with small molecular weight gases such as He, H2,
CH4, and O2 to break the polyatomic species and a second quadrupole is employed
to collect As species (Zhu et al. 2009).

Generally, ICPMS techniques are hyphenated with solid phase extraction
(SPE) (Zhu et al. 2009; Chandrasekaran et al. 2010; Popp et al. 2010;
Kempahanumakkagari et al. 2017; Profumo et al. 2006) capillary microextraction
(Sun and Yang 1999), hydride generation (HG) (Zheng and Hu 2009; Popp et al.
2010), HPLC-IC (Popp et al. 2010).
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2.3.10 Sensors

Generally, arsenic sensors are based on either stripping voltammetry or fluorescence
or electrochemical detection with enzymatic inhibition. Recently,
Kempahanumakkagari et al. (2017) have adequately reviewed the
nanomaterial-based sensors for arsenic determination. Different electrode systems
with surface modification have been developed to improve the detection limit and
selectivity. As(V) is initially reduced to As(III) which is then electrochemically
reduced to As(0). After deposition, the electrode potential is increased to oxidize
and strip the deposited As(0) from the electrode. The oxidation current is used to
quantify the arsenic oxyanions. Various electrode modifications are carried to
facilitate the metal binding to the electrode and subsequent electron transfer.
Nanomaterials like carbon nanotubes (Profumo et al. 2006), graphene oxide
(Dreyer et al. 2010), metal nanoparticles (Aragay et al. 2011; Yavuz et al. 2016),
and enzymes (Male et al. 2007) have been found useful as electrode material. In a
study by Ramsesha and Sampath (2011), reduced graphene oxide–lead oxide
composite has been used as the electrode to detect As(III) up to 10 nM. A selective
and sensitive fluorescent sensor has been reported (Ezeh and Harrop 2012) for the
determination of As(III) using ArsenoFluor1 (AF1) as fluorescent chemical probe.
The nonconjugated AF1 is non-fluorescent. However, on reaction with As(III) salts,
leads to 25-fold increased fluorescent intensity owing to the formation of Coumarin
C6-CF3 (Scheme 2). The method reports a sub-ppb detection limit and selective for
As(III) over other ions such as Fe2+, Zn2+, Na+, and Mg2+. Though progress has
been made in arsenic sensors with very low LOD of 0.1 ppb (Xiao et al. 2008)

Fig. 2.3 Synthesis of AF1 and proposed As3+ response (Ezeh and Harrop 2012).
(i) 4-(Trifluoromethyl)-2-aminothiophenol•HCl, EtOH, Et3N, 298 K, 6 h. (ii) AsI3, THF, Et3N,
298 K. R in the As3+ complex represents the (diethylamino) coumarin moiety
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issues like cost-effectiveness, portability, reproducibility, and interference effect
need to be addressed (Fig. 2.3).

2.3.11 Field Kits

Field kits developed for As are generally based on Gutzeit reaction. Initially, the
sample is acidified and treated with powerful reducing agent like NaBH4, and
As(V) is reduced to As(III) and the reduced As(III) further undergoes reduction to
release arsine gas. The liberated gas is passed through a lead acetate-soaked cotton
filter to remove H2S followed by HgBr2 impregnated test strip. The test relies on the
color stain reaction of arsine generated with HgBr2 impregnated test strip to give a
yellow color that then becomes progressively browner as arsenic level increases.
Though the method is inexpensive and portable, toxic Hg- and Pb-containing waste
is generated and care must be taken to prevent arsine from leaking. Several brands
are available in the market which uses this technology including Wagtech
Arsenator,1 Arsenic Quick,2 EZ Arsenic,3 PurTest Arsenic,4 Merckoquant arsenic.5

Determination of arsenic by these kits is either based on color chart comparison or
LED-based photometers calibrated to read the strip and provide a digital output.
Recently, Bralatei et al. (2017) reported a method for rapid screening of inorganic
As in seaweed samples. The method involved extraction using diluted HNO3 to
quantitatively extract inorganic As without decomposing the organoarsenicals to
inorganic As followed by the selective volatilization of inorganic As to arsine and
subsequent chemotrapping on a filter paper soaked in mercury bromide (HgBr2)
solution. The method reported a reproducibility with an average error of ±19%, and
further, the method was also validated with HPLC-ICPMS.

2.4 Conclusions

This review summarizes various available methods for extraction, speciation, and
analysis of arsenic at ultra-trace levels. Various methods have been explored for
speciation of various As compounds. With suitable extraction procedures, As
determination with high sensitivity and precision is plausible in both environmental
and biological samples. ICPMS coupled with HPLC or HG technique demonstrated

1www.wagtech.co.uk. Accessed on 09/08/17.
2www.sensafe.com. Accessed on 09/08/17.
3http://www.hach.com/arsenic-low-range-test-kit/product?id=7640217303. Accessed on 09/08/17.
4http://www.vitasalus.net/purtest-arsenic-water-test-kit-1-test-kit. Accessed on 09/08/17.
5http://www.merckmillipore.com/food-analytics/rapid-arsenic-tests/c_Hzib.
s1OprIAAAEbFfcXP9oy. Accessed on 09/08/17.
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separation, speciation, and robust analysis of As with high sensitivity. However,
sample storage, preservation of various arsenic species during sample pretreatment
is still a challenge. Though field kits offer the advantage of portability and
cost-effectiveness, accuracy of determination is questionable.
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