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Abstract

Arsenic became a serious problem in various countries, affecting millions of
people as it has major exposure root through drinking water. Arsenic is a non-
threshold carcinogen. Many a time, its threat is overlooked only because of little
knowledge about its estimation techniques. Various estimation techniques and
instruments are available for risk quantification of arsenic. In many undeveloped
countries where instrumental facilities are not available, a rapid arsenic testing
technique through color development principle is beneficial there. Modern
instruments mainly vary in their level of sensitivity. Arsenic estimation of
groundwater samples required pre acid treatment before analysis to prevent
oxidation of arsenic. Olsen reagent is most widely used for extracting plant
available arsenic from soil. Digestion is preferred when we want to know the
total amount of arsenic in samples. Among the various instruments available,
hydride generation-atomic absorption spectroscopy (HG-AAS) is most widely
used for estimating total arsenic and inductively couple plasma-mass spectros-
copy (ICP-MS) hyphenated high pressure liquid chromatography (HPLC) is used
for arsenic speciation analysis.
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7.1 Introduction

Arsenic is widely dispersed and ubiquitous in environment. Average concentration
of As in earth’s crust is approximately 5 mg kg~ '. Under oxidizing conditions
such as those prevailing in surface waters, the principal species is pentavalent
arsenic and under reduce condition trivalent arsenic is dominant. Arsenic, the
king of poison, is a non-threshold carcinogen and 20th most abundant element
in the earth’s crust. In the field of arsenic research, there are also significant
advances in analytical chemistry to open new areas. Around 200 years back,
Dr. Marsh in 1830s firstly started the arsenic analysis process. Last few decades,
arsenic research grew continuously in accord with the discovery of new arsenic
species and the importance of their environmental and biological activities.
Recently, the growing interest of arsenic is increased because of its carcinogenic
and leukemic effects on human body due to the drinking of groundwater (Mahfuzar
2007). A wide variety of methods to determine arsenic have been used: ultraviolet
spectrometry, atomic absorption spectroscopy methods (AAS) coupled with
hydride generation (HG-AAS), electrothermal AAS in graphite furnace (ETAAS),
atomic fluorescence spectrometry (AFS), atomic emission spectrometry (AES),
usually coupled with inductively coupled plasma (ICP-MS), X-ray spectrometry,
neutron activation analysis (NAA), capillary electrophoresis, collision induced
dissociation (CID), gas chromatography (GC), size exclusion chromatography
(SEC), high-performance liquid chromatography (HPLC), Fourier transform
ion cyclotron resonance-mass spectroscopy (FTICR-MS), stripping potentiometry,
electroanalytical detection on gold plate, and gold film electrode preparation for
anodic stripping voltammetric determination of arsenic. Methods involved in
these techniques require expensive instrumentation, complicated procedures, and
special sample pretreatment. Overall, all these methods are essentially sensitive to
total arsenic. Growing interests in the determination of different arsenic species in
groundwaters are caused by the fact that toxic effects of arsenic are solely connected
with its chemical forms and oxidation states. The toxicity and bioavailability of arsenic
can only be determined if all its forms can be identified and quantified. Several
techniques including high-performance liquid chromatography separation joined
with inductively coupled mass spectrometry, hydride generation atomic spectrometry
and electrospray mass spectrometry detection have shown most powerful methods for
arsenic speciation in environmental and biological matrices. These methods provide
strong reliability on understanding of arsenic metabolism and biological cycling. In
this review, we are trying to include recent developments and applications of analytical
methods for the detection and speciation of groundwater arsenic.

7.2  Techniques for Arsenic Extraction

Estimation of arsenic level in soil sample comprises two major steps, one is
extraction followed by determination. Extraction methodologies varies according
to the fraction of arsenic we concern; like plant available, total, oxide bound or
organically bound etc., the extraction methodologies varies accordingly.
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Table 7.1 List of some commonly used acid mixture for wet digestion technique

Reference Acid used
United States Environmental Protection Agency (US-EPA)206-5, 1974 H,SO,~HNO;
US-EPA 7060A, 1994 H,0,-HNO;
US-EPA 3050B, 1996 HNO3-HCl
United States Geological Survey (USGS), 1999 HNO;- H,0,,
H,SO,~HF-HCl
United States Department of Agriculture, 2001 (CLG-ARS.03) HNO5;-HCl

Hudson-Edwards et al. (2004)

7.2.1 Extraction of Total Soil Arsenic

For total arsenic estimation from soil or sediment sample, wet digestion technique is
adopted. In this technique, various acid mixtures are used (Table 7.1) to achieve
complete destruction of all As-bearing phases. The digestion methods can be carried
out using a hotplate or microwave-digestion ovens to eliminate loss of volatile
arsenic during the extraction.

7.2.2 Extracting Plant Available Arsenic from Soils and Sediments

Extraction of available arsenic is based on solubility product principle. Choice
of method will depend on the types of soils and sediments being analyzed.
Reduction of such As-bearing amorphous Fe oxides releases As to water systems.
Acid ammonium oxalate is used for this purpose (Hudson-Edwards et al. 2004).
Hydroxylamine hydrochloride is also used to extract Fe oxide-associated As
(Montperrus et al. 2002). Extraction of plant available As from soil is done on
a routine basis by Olsen extractant (0.5M NaHCO3, pH 8.5) (Table 7.2).

7.3 Techniques for Arsenic Determination

A variety of analytical techniques have been already applied for arsenic species
determination. In the following paragraphs, we will summarize the major methods
for the determination of arsenic.

7.3.1 Rapid Arsenic Test

First step reduction: Reducing agent is “nascent” hydrogen which is generated
through the reaction of zinc metal and hydrochloric acid. The reduction may be
accelerated by adding a small amount of potassium iodide and stannous chloride.
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Table 7.2 List of some reagents used for soil extractable available arsenic

Soil extractants
Water

0.1, 0.5, and IN NH,OAc

0.1 and 0.5M NH4NO;

0.IN KNO;

0.5M NaHCO3;, 0.5M Na,COs3, and 0.5M
(NH4),CO;

0.5M NaHCO3 at pH > 6.5 0.05N

HCI + 0.025N H2S04 at pH < 6.5

Bray P-1 (0.03N NH4F + 0.025N HCl)
Mixed acid (0.05N HCI + 0.025 N
H,S0,),0.5N HCl, 0.05 and 0.5M KH,PO, and
0.5M (NH4),S0,4

0.1M solutions of Na2HPO4 (pH 9.1),
Na2HPO4/NaH2PO4 (3:2, pH 7), Na,HPO,
(pH 4.5) and H;PO, (pH 1.6),

Modified Chang Jackson procedure

References

Reed and Sturgis (1936), Vandecaveye
et al. (1936), Rosenfels and Crafts (1939),
Deuel and Swobods (1972)

Vandecaveye et al. (1936), Jacobs et al.
(1970), Johnston and Barnard (1979)

Vandecaveye et al. (1936)
Johnston and Barnard (1979)

‘Woolson et al. (1971), Johnston and
Barnard (1979)

Woolson et al. (1973)

Jacobs et al. (1970)

Woolson et al. (1971), Woolson (1973),
Johnston and Barnard (1979)

Yamamoto (1975)
Johnson and Hitbold (1969), Jacobs et al.

(1970), Woolson et al. (1971), Johnston and
Barnard (1979)

Zn + 2 HCl = ZnCl, + H,

Second step checking interference: Sulfur is most ubiquitous in nature and
causes serious interference in arsine gas generation by forming hydrogen sulfide.
One way of checking this interference is by passing the gas stream through a filter
impregnated with lead acetate which will form insoluble lead sulfide. An alternative
way is to use cupric chloride in combination with ferric chloride. Ferric salts (FeCl3)
enhance the arsenic evolution and compensate the suppression effect of CuCI2
(Cherukuri and Anjaneyulu 2005).

Third step volatilization: Both the tri and penta valent species of arsenic [As (V)
and As (II)] generated arsine gas by the reduction with reducing agent (zinc dust)
under acidic conditions (hydrochloric acid). The reactions that could occur are as
follows:

As$,0; + 6 Zn + 12 HCl — 2 AsH; + 6 ZnCl, + 3 H,O
H3AsO, + 4 Zn + 8 HCl — AsH; + 4 ZnCl, + 4H,0

Fourth step color development: Color stripe may be of two types, one is mercuric
bromide (HgBr,) and another is silver nitrate (AgNO3) (Das et al. 2014). When the
arsine (AsHj3) gas reacted with mercuric bromide (HgBr,) a yellow-to-brown colored
compound is formed (depending upon arsenic concentration) (Fig. 7.1). Reaction on
the paper strip is as follows:
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Fig.7.1 Color chart for arsenic in mercuric bromide method. Color chart Kearns and Tyson (2012)

0 ppb 10 ppb 20 ppb 30 ppb

100 ppb 200 ppb 300 ppb 500 ppb

Fig. 7.2 Color chart for arsenic in silver nitrate method. Authors tested color chart

AsH3 + HgBr, — AsH(HgBr), (yellow) As(HgBr), (brown)

In case of silver nitrate method, the arsine (AsH3) when reacted with silver nitrate
(AgNO3) formed a grey-to-black to a silver-black colored complex (depending upon
arsenic concentration) (Fig. 7.2). Reaction on the paper strip is as follows:

AsHjz + 3 Ag+ — Ag;As (silver — black colored) + 3H+

7.3.2 Spectrophotometric Determination of Arsenic by Silver
Diethyldithiocarbamate

In this method, arsenic present in solution is reduced to arsine (AsHj) by reducing
agent. Then, the arsine gas bubble absorbed through 0.5% silver diethyldithiocarbamate
which produces red color, and the intensity of the red color is measured at 540 nm. If the
sample inherently contains sulfur, then it will produce sulfide gas before the formation
of arsine and this interference can be removed by passing AsHj through lead acetate
saturated glass wool. Contamination is the chief source of error of this process and
this can be checked by rinsing the sample with 4% HNOs;. The sensitivity of this method
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is <0.1 ppm, thus it fail to measure very low level of arsenic; although coprecipitation
and adsorption (Talmi and Norvell 1975) and vapor-phase separation (Denyszyn et al.
1978) could somehow manage this problem.

7.3.3 Spectrophotometric Determination of As Using Molybdenum
Blue Method

In this method arsenic is treated with molybdenum solution and a
heteropolymolybdoarsenate complex is formed which is reduced by hydrazinium
sulphate or tin (II) chloride to form blue colour soluble complex known as “molyb-
denum blue”. Intensity of the blue color is measured at 840 nm. To remove H,S
interference, gas is passed through a tube which is loosely packed with cotton wool
soaked in lead ethanoate (Dhar et al. 2004) (Table 7.3).

7.3.4 As (lll) Determination by Anode Stripping Voltammetry
Anodic stripping voltammetry is a voltammetric technique used to determine
particular ionic species quantitatively (Copeland and Skogerboe 1974). Samples

are electroplated on the working electrode during a deposition step and oxidized

Table 7.3 Comparison among different spectrophotometric methods used in arsenic estimation

Limit of
Wavelength | detection Molar absorptivity
Methods max (nm) (ng ml™1) (10* 1 mol™ ' em™") | References
Silver 520 - 1.30 Kopp (1973)
diethyldithiocarbamate
Morpholine- 510 0.006 1.40 Gupta and
chloroform Gupta (1986)
Iodonitrotetrazolium 620 0.03 13.1 Kolesnikova
and Lazareb
(1991)
Silver 530 1.00 1.50 Arbab-Zavar
diethyldithiocarbamate and Hashemi
(2000)
Kinetic 525 0.003 - Afkhami et al.
spectrophotometric (2001)
Methylene blue 660 0.001 - Kundu et al.
(2002)
Micro-particle 612 0.004 - Morita and
Formation of ethyl Kaneko
violet- (2006)
molybdoarsenate
2-(5-bromo-2- 560 0.001 24.5 Pereira et al.
pyridylazo)-5-di- (2008)

ethylaminophenol
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from the electrode during the stripping step. The current is measured during
the stripping step. The oxidized species is registered as a peak of the current signal
in their own potential range which is suitable for their oxidation. Stripping steps
can be linear, square waves, stairs, or pulse. The peak widths and stripping peak
currents on the electrode surface (Hg or alternate) are function of the coverage, size,
and distribution of the metal phase. This technique is improved over previous
technologies in the areas of better sensitivity (ppt level), reproducibility and provides
real-time data of in situ measurement.

7.3.5 Hydride Generation: Atomic Absorption Spectroscopy
(HG-AAS)

The most widely accepted method for arsenic analysis in ppb level is based on
the principle of hydride gas generation of arsenic. After generation of hydride gas,
it is then thermally decomposed to give elemental arsenic for atomic detection in
AAS. Combined mixture of sodium borohydrate and sodium hydroxide solution
is used as reductant, and hydrochloric acid is used to acidifying the solution.
Combination of these two solutions acts as carrier solution and helps to reduce the
analyte in hydride form. A cathode lamp is used to produce characteristic resonance
frequency of arsenic (193.7 nm) and light absorption is measured by following
the Bear—Lambert rule. Little bit speciation analysis could be possible in hydride
generation AAS as the process of formation of arsine follows two steps reaction.
First step is the reduction of As(V) to As(II) and the second step is the formation
of AsH. The levels of the redox reaction involving transferring electrons are
rather slow and pH-dependent, so it could be possible to distinguish between
the two species if the first phase of the response at elevated pH values is
slower than the second. Therefore, species differentiation could be possible using
pH-selective arsine generation technique. In this methodology, strongly acidic
solutions (pH < 1) are required for the determination of As(V) and mild acidic
solution (pH 5) is suitable for hydride formation of As(Ill) (Howard and Comber
1992). In lieu of total arsenic estimation, pretreatment of the sample is done
by applying acid mixture of hydrochloric acid, potassium iodide, and ascorbic acid
for at least 45 min. There are some major interferences of this method. Cu (II),
Co (II), and Ni (II) form specific chemical species between As and their reduction
products decompose NaBH, and this problem could be solved by applying relatively
low concentration of NaBH,. During the hydride atomization, interferences from
flame radical absorption of resonance lines could be managed by administrating
the hydride in a heated quartz tube.

7.3.6 Chromatographic Methods

In case of chromatographic methods, gas chromatography (GC) and high-
performance liquid chromatography (HPLC) deliver more detailed information
about arsenic estimation (Niedzielski and Siepak 2003). Gas liquid chromatography
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runs on the principle of partitioning. In GLC, the components of vaporized
samples are fraction due to partition between gaseous and mobile phase (unreacted
carrier gas, e.g., Np, He, Ar) and liquid stationary phase (nonvolatile liquid)
held in a column. The column separate of compounds according to their different
strength of interaction with the stationary phase. Strong affinity between stationary
and mobile phases result extended retention of mobile phase, thus more time
required to migrate through the column. In high pressure liquid chromatography
(HPLC) separation of a sample into its constituent parts on the basis of difference in
the relative affinities of different molecules for the mobile phase and stationary
phase. Various detectors used in gas liquid chromatographic method are ECD, TCD,
FID, PID, UV-Vis and IR these are non selective to compounds of different metals,
whereas refractive index detector, ultra-violate detector, and luminescence detectors
are used in HPLC. Chromatography is very much useful in speciation analysis
of arsenic, and major disadvantage of this method is it does not have sufficiently
low detection limits (Table 7.4).

7.3.7 Inductively Coupled Plasma-Mass Spectroscopy
Mass spectroscopy is an analytical technique that ionized the chemical species and
sorts ions based on mass to charge ratio. Actually, a mass spectrum measures the

mass within the sample. In this spectroscopic technique, a sample is ionized by

Table 7.4 Application of hyphenated techniques in As speciation

Analytical
Analytes column Mobile phase | Method | Matrix References
As**, As™, Hamilton (NH,),HPO,, |HPLC- |Soil Guerin et al.
MMA, DMA PRP X100 | MeOH ICP-MS | extracts (1997)
As*", As™* Dionex NaOH, HPLC- Soils Koellensperger

AS9 Na,CO; SF-ICP- et al. (2002)

NaHCO; MS

As®*, A" MMA, | Hamilton Pyridine, HPLC- Sediments | Zheng et al.
DMA, AB, AC, PRPX 100 | NH,H,PO, SF-MS (2004)
TMAO Zorbax

300-SCX
As*", As™, Hamilton | 10-200mM | HPLC- | Sediments | Orero Iserte
MMA, DMA PRP-X100 | NH4H,PO, ICP- et al. (2004)

DRC-
MS

As®, A, DMA |G 3154A/ |EDTA, HPLC- | Soils Liang et al.

101 NH,H,PO, ICP-MS (2012)
As>*, As’, Hamilton NH,H,PO, HPLC- Soils Sanz et al.
MMA, DMA, AB |PRP X100 | NH4HPO,, ICP-MS (2007)

MeOH

As®*, As™, Dionex 10-100 mM HPLC- | Polluted Yuan et al.
MMA, DMA AS11, NaOH HG- soil (2007)

AGI11 AFS
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bombarding it with the electron. It may cause some of the sample molecules to
break into charged fragments. These ions are then separated according to mass
to charge ratio by accelerating and subjecting them to an electric or magnetic field.
Ions having the same mass to charge ratio undergo same amount of deflection,
and these ions are detected by an electron multiplier. Results are displayed as spectra
or signal of the relative abundance of detected ions as a function of mass to
charge ratio. The atoms or molecules in the samples can be identified by correlating
known mass to identified mass. ICP-MS undeniably belongs to the most often used
hyphenated techniques because of its detection limits equal to or better than AAS,
ability to handle both simple and complex matrices, minimum matrix interferences,
superior detection capability to ICP-AES, and its ability to obtain isotopic informa-
tion. Disadvantages and weaknesses of the ICP-MS detection are due to polyatomic
interferences (" As* with “°Ar>CI*).

7.3.8 Other Methods Available for As Determination

* Radiochemical methods:
— Neutron activation analysis (Terada et al. 1978).
— Isotopic dilution technique (Krachler et al. 2002).
* Nuclear magnetic resonance (NMR) (Faucher et al. 2014).
» Hyperspectral remote sensing (Shi et al. 2016).
* Ion selective electrodes (Kang 1974).
* Micro XREF for in situ element mapping (Voegelin et al. 2007).

But these methods are lacking in the sensitivity required for ultra-low level detection
of arsenic.

7.4 Conclusion

Finally, it can be concluded that the analytical techniques existing for the estimation
and speciation of arsenic are diverse in nature. Each method has its own advantages
and disadvantages that must be considered with respect to the type of research
conducted and laboratory facilities available. When environmental observation is
used to evaluate the toxic compound exposure, it is important that instrument can
able to differentiate between toxic species and non-toxic species. Suitable methods
for speciation analysis are HPLC-HG-AAS, HPLC-ICP, and HPLC-ICP-MS having
high sensitivity and selectivity. These instruments are expensive and not available
in many laboratories. In such cases, the development of rapid arsenic testing Kits
with color charts is expected to play a crucial role in the estimation of this dreadful
heavy metal.
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