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Abstract

Arsenic contamination in water has posed severe health problems around the world. In spite of the availability of some conventional techniques
for arsenic removal from contaminated water, development of new laboratory based techniques along with enhancement and cost reduction of
conventional techniques are essential for the benefit of common people.

This paper provides an overview of the arsenic issue in water such as modes of contamination of ground water as well as surface water by arsenic,
its metabolism and health impacts, factors influencing arsenic poisoning, fundamentals of arsenic poisoning mechanism and world scenario of
arsenic poisoning. It discusses and compares the conventional laboratory based techniques, like precipitation with alum, iron, Fe/Mn, lime softening,
reverse osmosis, electro dialysis, ion exchanges, adsorption on activated alumina/carbon, etc., for arsenic removal from contaminated water. It also
discusses the best available techniques and mentions the cost comparison among these techniques too. Recent developments in the research on
the laboratory based arsenic removal techniques, like improvement of conventional techniques and advances in removal technology along with its

scopes and limitations have also been reviewed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Arsenic, the world’s most hazardous chemical [1], is found to
exist within the shallow zones of ground water of many countries
like Argentina, Bangladesh, India, Pakistan, Mexico, Mongo-
lia, Germany, Thailand, China, Chile, USA, Canada, Hungary,
Romania, Vietnam, Nepal, Myanmar, Cambodia, etc. in various
concentrations [2—19]. In some places in Bangladesh its con-
centration is as high as 1000 g/l [4]. The contaminants like
iron, calcium, magnesium, bicarbonate, chloride and sulfate are
found to be associated with arsenic in the ground water of these
countries. Surface water is also found to be contaminated with
arsenic by the anthropogenic sources to various degrees. White
et al. reported that the NaCl-dominated brine of Tisakiirt, Hun-
gary, contains more than 5800 g/l of arsenic [20].

Considering the lethal impact of arsenic on human health,
environmental authorities have taken a more stringent attitude
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towards the presence of arsenic in water. World Health Organiza-
tion (WHO) in 1993 and National Health and Medical Research
Committee (NHMRC), Australia, in 1996 had recommended
maximum contaminant level (MCL) of arsenic in drinking water
as 10 and 7 pg/l respectively [21,22]. The MCL of arsenic in
drinking water has also been reduced from 50 to 10 g/l by
European Commission in 2003 [23]. Environmental Protection
Agency (EPA), USA, has decided to move forward in imple-
menting the same MCL of arsenic that is recommended by WHO
for drinking water in 1993 [24].

Japan and Canada has reduced the MCL for arsenic in drink-
ing water to 10 and 25 pg/l, respectively. The MCL for arsenic in
countries like India, Bangladesh, Taiwan, China, Vietnam, etc.
is also 50 pg/1 [25].

Water is one of the most important media through which
arsenic enters into the human body. As the diagnosis and med-
ication of the arsenic related diseases are difficult the treatment
of contaminated water as a preventive measure appears to be an
effective alternative to combat arsenic poisoning. Arsenic may
be available in water in variable oxidation states (+5, +3, 0,
—3) [26,27]. From contaminated water it can be converted into
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insoluble compounds and can be co-precipitated with the hydro
oxides of Fe and Mn in aqueous medium under certain condi-
tions [28-34]. Like other heavy metals it may also be adsorbed
by suitable adsorbent.

Arsenic can be removed from contaminated water by
physico-chemical as well as biological techniques. These tech-
niques are classified as below:

(I) Physico-chemical techniques
(a) Adsorption
(b) Ion exchange
(c) Precipitation—coagulation
(d) Membrane filtration
(e) Permeable reactive methods
(II) Biological techniques
(a) Phytoremediation
(b) Biological treatment with living microbes/bio-filtration

The modes of contamination of water by arsenic, arsenic
metabolism and its poisoning effects, severity of the arsenic poi-
soning around the world, and the efforts to solve this problem
by conventional laboratory based technology and search for new
upgraded technology are discussed below.

2. Occurrence and mobilization

Arsenic belongs to the metalloid group of elements that shows
many metallic properties and co-exists in nature with other met-
als like Fe, Cu, Ni, Zn, etc., as sulfide or oxide ores. Arsenic can-
not be destroyed it can only be converted from one form to other
form. The predominant form of inorganic arsenic in aqueous
oxic environments is arsenate [As(V) as H3AsOy, HyAsO4 !,
HAsO4~2 and AsO4 3], whereas, arsenite [As(IIT) as H3AsOs3
and HyAsO3 7] is more prevalent in anoxic environments [35].
Arsenic naturally occurs in over 200 different mineral forms of
which approximately 60% are arsenates, 20% sulfides and sul-
fosalts; the remaining 20% includes arsenides, arsenites, oxides,
silicates and elemental arsenic (As) [36]. AsY and As3~ are rare
in aquatic environments [37,38]. Organic arsenic species avail-
able in contaminated surface and ground water are mono methyl
arsenate (MMA) and dimethyl arsenate (DMA) [39-43].

The sources of arsenic contamination in ground water are:

(A) Natural: Through dissolution of arsenic compounds
adsorbed onto the pyrite ores in to the water by geother-
mal, geo hydrological and bio geo chemical factors [44].

(B) Anthropogenic:

(i) From processing of varieties of ores like Cu, Au, Ni, Pb,
and Zn [45].
(i) From ingredients of many insecticides and herbicides
[46].
(iii) From cotton and wool processing [42].
(iv) From arsenic based wood preservative [44].
(v) From feed additives in various metal alloys and in mining
[37,44].
(vi) From seepages from hazardous waste site [44].

(vii) From areas near cemeteries where burials were conducted
from about 1880 to 1910 when arsenic was used as an
embalming fluid [44].

(viii) From power generation by the burning of arsenic contam-
inated coal [32].
(ix) From semiconductor and glass manufacturing units [45].

It has been found that when river water, which is a pri-
mary source of drinking water, is polluted by industrial or
mining effluent or by geothermal waste the arsenic concentra-
tion increases [3]. The highest reported arsenic concentration so
far is 850,000 g/l from an acid seep in the Richmond mine at
Iron Mountain, California [47].

Ithas been reported that groundwater from shallow tube wells
(12-33 m) contain considerably high amount of arsenic where
as, the water from deep tube wells (200-300 m) contain low
amount of arsenic (<50 wg/1) [48]. The arsenic concentration in
ground water depends on various factors like presence of thick
clay barriers surrounding the aquifer, depth of tube well, etc.
It is a proven fact that the presence of elevated concentrations
of phosphate or silicate may enhance the sub-surface mobility
of As(V) in soils contaminated with arsenate [49,50]. Differ-
ent adsorptive affinities of both arsenate and arsenite to various
common mineral surfaces (i.e., ferrihydrite, alumina, etc.) are
considered to affect this arsenic mobilization in the aqueous
phase [34,51].

The sub surface mobilization of arsenic is caused by the com-
bination of chemical, physical and microbial factors [52]. The
following theories have been proposed to explain this mobiliza-
tion.

(i) Oxidation of As containing pyrites [2,53].
(i) Release of As(V) from reduction of iron oxides by
autochthonous organic matter (e.g., peat) [35].
(iii)) Reduction of iron oxides by allochthonous organic matter
(from dissolved organics in recharging waters) [54].
(iv) Exchange of adsorbed As(V) with fertilizer phosphates [55].
(v) Reduction of oxy hydroxides by microbial oxidation of sed-
imentary carbon [56].

Mobilization may also occur by displacement of arsenic by
carbonate [57]. Arsenic mobility appears to be related to recent
inflow of carbon through either organic carbon-driven reduction
or displacement by carbonate. However, the apparent relation
of arsenic mobility to inflow of organic carbon raises concerns
about the appropriate depth of new drinking water wells and
their position relative to irrigation. Large-scale ground water
withdrawal for irrigation during the summer months causes low-
ering of water table, provides oxidants (e.g., oxygen, nitrate) and
enhances oxidation that would further stimulate As(III) oxida-
tion. This would cause a build-up of microbial biomass (and
its associated organic matter) and the creation of anoxic condi-
tions. This microbial biomass along with other organic matters
received from sources such as decomposed buried peat deposits
or seasonal recharge (4—6 months in a year) from agricultural
surface waters, would in turn promote the dissimilatory reduc-
tion of As(V) adsorbed on the minerals like ferrihydrite by
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disassimilatory arsenate reducing prokaryotes (DARPs). Con-
sequently, arsenic finds its way to ground water and affects the
drinking water tube wells of that region [35,58]. The release
of arsenic is 10—13 times more in the reduction process as com-
pared to that under oxidation process [58,59]. However, recently
it has been shown that the primary mechanism for the arsenic
release from solid phases is the competition between arsenic and
organic anions for sorption sites and red-ox reactions probably
play minor role [60].

3. Arsenic metabolism

All living organisms have system for detoxification of
arsenic. The common schemes for arsenic metabolism are as
follows [61]:

(a) Uptake of As(V) as arsenate and As(III) as arsenite by phos-
phate transporters.

(b) Reduction of As(V) to As(III) by arsenate reductases.

(c) Extrusion or sequestration of As(III).

Both arsenate and arsenite are taken up by phosphate trans-
porters. Phosphate transporters available in prokaryotes are dif-
ferent from that of human. Some examples of phosphate trans-
porters are given in Table 1.

As(V) is reduced to As(IIl) by glutathione in higher eukary-
otes. The reduced arsenic moiety then accepts a methyl group
from S-adenosylmethionine and produces monomethylarsonic
acid (MMA) or dimethylarsonic acid (DMA) [62]. Similarly
fungi produce trimethylarsine [63], whereas bacteria may pro-
duce MMA and DMA [64]. Scheme for the stepwise conversion
of arsenite into mono-, di-, and tri-methylated products has
recently been suggested as follows [65]:

As"03°~ + CH3 T — CH3AsY032™ +2e

CH3As™0,2~ + CH3t — (CH3),AsV0,™ +2¢

Table 1

Proteins/enzymes responsible for arsenic metabolism in different living organisms

(CH3),As™MO™ + CH3" — (CH3)3AsY0~

Some diverse microbes such as anaerobic methanogenic
Archaea [66] and aerobic Eubacteria [67] can also form methy-
lated arsines. Arsenic may also be converted to arsenobetaine
and arsenic-containing sugars, benign compounds that are found
in high abundance in some marine animals and algae as well
as terrestrial plants and animals [68]. In Escherichia coli and
yeast, arsenic(V) reductase enzymes ArsC and Acr2P mediate
the reduction of As(V) to As(IIl) in cytoplasm, respectively. A
cysteine residue near the N-terminal of ArsC binds the As(V),
which is then reduced with electrons donated by the reduced glu-
tathione. In both the cases glutathione and glutaredoxin serves
as the reducing potential. Although the reduction of As(V) to
As(IIT) in mammal was believed previously to take place in
the cell by a non-enzymatic chemical reduction via intracel-
lular GSH, this appears to be now unlikely. Recently, it has been
found that human liver arsenate reductase; a protein identical
to purine nucleoside phosphorylase reduces arsenate to arsenite
during arsenolysis in presence of dihydro lipoic acid [69].

As(IIT) can be excreted via an As(IIl)-specific transporter
ArsB. This ArsB transporter is produced from arsB gene, which
may be available in chromosome as well as plasmids of prokary-
otes. In E. coli the As(III) is expelled from the cytoplasm through
an adenosine 5'-triphosphate (ATP)-dependent arsenite trans-
porter formed by ArsAB [70] whereas in of S. aureus As(IIl)
may be expelled from the cell via an ATP-independent ArsB pro-
duced from plasmid gene arsB. Although this process has been
studied in detail in E. coli and S. aureus, it is found in many other
bacteria and occurs in strict anaerobes like Clostridium [71] and
Desulfovibrio [72]. In yeast, Acr3P a plasma membrane arsen-
ite reflux protein and YcflP, a member of multi drug resistance
associated protein; transport As(GS)3 into vacuole. In mammals
MrP plays a major role for the extrusion of arsenic from cells.
For example, MrP2 extrudes As(IIl) into bile. The role of the
proteins/enzymes on arsenic metabolism/detoxification is sum-
marized in Table 1.

Metabolic action Living species

Responsible proteins

Reference

As(V) uptake E. coli Pit and Pst
Pit predominant
Mammal
As(III) uptake Yeast GlpF
S. cerevisiae Fpsl
Mammal
Reduction of As(V) to As(III) E. coli Ars C enzyme

Yeast Acr 2P enzyme
Non enzymatic reduction via intracellular GSH
Human lever arsenate reductase

Mammal
Extrusion or sequestration of As(III) E. coli
Yeast Acr3P
Mammal YcflP
MrP2

AQP9 (suggested)

Ars B alone or with ArsAB ATPase

Rozenberg et al. [73]
Willesky et al. [74]

Not yet demonstrated

Sanders et.al. [75]
Wysocki et al. [76]
Liu et al. [77]

Martin et al. [78]
Mukhopadhyay et al. [79]
Scott et al. [80]
Radabough et al. [81]
Radabough et al. [82]

Dey et al. [83]

Ghosh et al. [84]; Wysocki et al. [85]
Ghosh et al. [86]

Kala et al. [87]
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4. Arsenic poisoning

The toxicity scale of arsenic decreases in the following order:
arsine > inorganic arsenic(III) > organic arsenic(Ill) > inorganic
arsenic(V) > organic arsenic(V) > arsonium compounds and ele-
mental arsenic. The carcinogenic and mutagenic effects of
arsenic have been established. Its teratogenic effect has also been
reported recently. Poisoning effect of arsenic on human health,
fundamentals of the poisoning mechanism, effect of dose and
nutritional factors on the poisoning is discussed in subsequent
sections below.

4.1. Effects on human health

Health effects of arsenic on human are classified as acute
and sub acute which are typically reversible and chronic effects.
Acute and sub acute poisoning results from ingestion of large
quantities of arsenic with lower exposure time whereas, chronic
poisoning occurs due to consumption of arsenic contaminated
water for a long time period. Nonspecific gastrointestinal effects
such as diarrhoea and cramping; hematological effects includ-
ing anaemia and leukaemia; and peripheral neuropathy might
occur after weeks or month of exposure to high doses of
arsenic (0.04 mg/kg/day or higher) [88]. Consumption of large
arsenic at a time may also cause stomach pain, nausea, vom-
iting or diarrhoea, which may lead to shock, coma, and even
death. It has also been reported by many researchers [89—93]
that chronic arsenic poisoning causes hypertension, periph-
eral vascular diseases, cardiac vascular diseases, respiratory
diseases, diabetes mellitus, malignancies including cancer of
the lungs, bladder, kidney, liver, uterus and skin. The skin
is quite sensitive to arsenic and skin lesion (hyperkeratosis
and dyspigmentation) has been observed even at the expo-
sure levels in the range of 5—10 g/l arsenic in drinking water
[89].

As per 2001 update of drinking water by NRC [88], diffuse or
spotted hyper pigmentation may be seen after 6 months to 3 years
by chronic ingestion of high doses of arsenic (0.04 mg/kg/day
or higher) or 5-15 years of ingestion of low doses of the order of
0.01 mg/kg/day or higher. Palmer-plantar hyperkeratosis is usu-
ally evident within years of the initial appearance of arsenical
hyper pigmentation. Perturbed porphyrin metabolisms are irre-
versible non-cirrhotic portal hypertension, which have been seen
following chronic exposure to 0.01-0.02 mg/kg/day or higher.
A risk of mortality from hypertension and cardiovascular dis-
ease has also been associated with chronic exposure to arsenic.
An association has been reported between chronic ingestion of
arsenic in drinking water and an increased risk of diabetes mel-
litus. Some evidence also suggests that the ingestion of arsenic
can have effects on the immune and respiratory systems. Ter-
atogenic effects have seen following parental arsenic exposure
in a number of mammalian species, but little evidence suggests
that those effects follow oral or inhalation exposure. There are
inadequate data to draw conclusions on the effects of arsenic on
fertility and pregnancy outcomes. Young children, the elderly,
unborn babies, and people with long-term illness are at great
risk of arsenic poisoning.

Table 2
Arsenic level in tap water and cancer risk

Arsenic level in tap water (in
parts per billion, or ppb)

Approximate total cancer risk
(assuming 21 consumed/day)

0.5 1 in 10000
1 1 in 5000
3 1in 1667
4 1in 1250
5 1 in 1000
10 1in 500
20 1in 250
25 1in 200
50 1in 100

Table 2 shows the lifetime risks of cancer from arsenic in tap
water, based on the National Academy of Sciences’ 1999 (USA)
risk estimates [94].

4.2. Fundamentals of poisoning mechanism

The mode of poisoning depends on the chemical form of
arsenic [35]. Arsenate is a molecular analog of phosphate
and inhibits oxidative phosphorylation thereby short-circuiting
life’s main energy-generation system. Arsenite is even more
broadly toxic because it binds to sulthydryl groups impair-
ing the function of many proteins [62]. It also affects res-
piration by binding to the vicinal thiols in pyruvate dehydo-
genase and 2-oxoglutarate dehydrogenase [95]. The mecha-
nisms, by which arsenic induces cancer however, remain poorly
understood although multiple pathways such as inhibition of
DNA repair, DNA methylation, gene amplification and co-
carcinogenesis with other environmental toxicants have been
proposed. Recently, it has been reported that arsenic induces
both small and large mutations in the PZ189 shuttle vec-
tor system in cultured mammalian cells [90] as well as intra
chromosomal recombination in the hprt gene of CHO cells
[91] due to the generation of free radical on arsenic expo-
sure.

4.3. Dose—response relationship

It is proved that arsenic poisoning occurs by consumption of
drinking water that naturally contains high amount of inorganic
arsenic [93]. Tondel et al. by their study in Bangladesh have cor-
related the prevalence of malignancies with arsenic intake [96].
By prospective study in large endemic areas of chronic arsenic
poisoning, many researchers have reported contradictory results
regarding the dose—response relationship between arsenic con-
centration in drinking water and skin lesions. Many of them
have reported a clear dose—response relationship between the
arsenic level in drinking water and rate of skin lesions [97-99].
While others have reported that the non-malignant skin lesions
induced by arsenic occurs more in male subjects than female
[100], although some reports describe no difference between
genders [99]. Some researchers by their US based epidemiolog-
ical studies of cancer risk from exposure to arsenic have shown
negative report on dose-response relationship between arsenic



468 P. Mondal et al. / Journal of Hazardous Materials B137 (2006) 464—479

Table 3
Dose-response relationship of arsenic poisoning

Reference Location/country Dose

Effects

Concentration
(ng/h

Frequency

Health impact

Prevalence

Blinding
factors

Remarks

Tondel et al. [96] Bangladesh 150 -

1000

50-100
>800

Majumder et al. [97] India Daily

Smith et al. [98] Chile 750-800 Daily

Guo et al. [99] Inner Mongolia, >50

China

Watanabe et al. [100] Bangladesh 1-535 Daily

Lama et al. [101] 133 US Countries 3-60 Ecological

study

Nevada and 0-1000

California

Steinmaus et al. [102] Daily

Moore et al. [103] Churchill country 10-90

Nevada

Ecological
study

Lewis et al. [104] Millard Country 3.5-620 Ecological

Utah study

Skin lesion

Skin lesion

Skin lesion

Skin lesion

Skin lesion

Bladder cancer
mortality

Bladder cancer
mortality

Childhood
cancer

Malignant
cancers

18.6 (M)
37.0 (M)

1.5(M); 0.4(F)
10.7(M); 8.3 (F)

66.6(M); 16.6(F)

44.8%; 37.1%

80 (M); 50 (F)

SMR 0.73

SMR 0.73

SMR 1.37

SMR 0.82

Not reported

Not reported

Not reported

Creatinine
adjustment

Male and female
below 20 years of
age are equally
affected

No gender effect
but residents over
40 years old
showed higher
prevalence

Males are more
susceptible than
female, urinary
arsenic
concentration was
taken as dose
indicator

No dose-response
relationship was
observed

Overall, there was
no association
between bladder
cancer and arsenic
intake even in the
highest exposure
category of

>80 pg/day

No evidence of
excess childhood
cancers for any of
the exposure
levels. Also no
association
between arsenic
and leukemia was
established for
higher exposure
group

No dose-response
relationship

M =male, F =female, SMR = standard mortality ratio.

concentration in drinking water and cancer risks [101-104]. The
reports are summarized in Table 3 below.

In 2003, the Environmental Protection Agency, USEPA pro-
posed a draft of the final guidelines for cancer risk assessment
[105]. The revised document advocates the use of nonlinear rela-
tionship between arsenic carcinogenesis and its dose in drinking
water. Schoen et al. have reported that the arsenic carcinogen-

esis is also influenced by factors in the cellular environment

[106].

Prospective studies in large area of endemic arsenic poisoning

like Bangladesh, India or China, where the rate of malignancies
is expected to increase within the next several decades, will
help to clarify the dose-response relationship between arsenic
exposure levels and adverse effects with enhanced accuracy.
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Table 4
Relationship between nutritional factors and arsenic toxicity

Nutritional factors Effect

Source of information

Reference

Undernourishment, under weight

B-Carotene deficiency

Selenium deficiency

Choline and methionine deficiency

Anti oxidants (Vitamin C and E) superannuation
Folic acid superannuation

Increases toxicity
Increases toxicity
Increases toxicity
Increases toxicity
Decreases toxicity
Decreases toxicity

Epidemiological studies
Epidemiological studies
Epidemiological and animal studies
Animal studies

Animal studies

Animal studies

Mazumder et al. [97]; Hsueh et al. [107]

Hsueh et al. [108]

Biswas et al. [109]; Nyon et al. [110]

Gebel [111]; Vahter et al. [112]

Chattopadhyay et al. [113]; Rabbani et al. [114]
Rabbani et al. [114]

4.4. Nutritional factors on arsenic toxicity

Furthermore, nutrition and overall health may play important
roles in modulating arsenic toxicity and influencing individual
susceptibility. There are also contradictory reports on the role of
nutrition on arsenic induced skin lesions. Mazumder et al. [97]
by their study in Bangladesh and West Bengal in 1998 reported
that underweight individuals were disproportionately more sus-
ceptible to arsenic induced skin lesion. Similarly, after the survey
of Taiwanese diet [107,108], it was found that under nourish-
ment and low B-carotene levels were associated with increased
incidence of arsenic induced skin lesion. Nutritional factors that
may modulate arsenic toxicity is summarized in Table 4.

Study by Smith et al. [98] indicated that arsenic induced
skin lesions were as frequent in well-nourished individuals from
northern Chile as they were in a malnourished area of West Ben-
gal [97]. However, these studies are not comparable for several
reasons, the most significant discrepancy being that Smith et al.
examined skin lesion in a sample population of only 44 indi-
viduals while in the study conducted in West Bengal more than
7500 subjects were examined. Further, study designs were so
vastly different that relating exposure assessments between the
two studies are difficult [106].

In the 2001 analysis [88], the National Research Council
(NRC), USA, indicated that the nutritional status has the poten-
tial to modulate arsenic toxicity. However, because the carcino-
genic effects of arsenic are relatively consistent across several
different geographical locations, NRC concluded that it was
unlikely that nutrition has a substantial role in the etiology of
arsenic-related diseases. NRC specifically refers to two studies
that suggest arsenic is equally toxic to populations with good
nutrition [115,116]. These two experiments were done within
well nourished Chilean and Taiwan Population, respectively.

5. World scenario of arsenic poisoning

The arsenic poisoning of ground water was first reported in
Taiwan in 1968. Acute and chronic arsenic exposure through
water has been reported in the countries like Argentina,
Bangladesh, India, Pakistan, Mexico, Mongolia, Germany, Thai-
land, China, Chile, USA, Canada, Hungary, Romania, Vietnam,
Nepal, Myanmar, Cambodia [3,43,44,117-119]. Arsenic asso-
ciated with geothermal waters has been found in Japan, New
Zealand, Kamchatka, France Dominica [3]. Many parts of Euro-
pean countries are also having arsenic concentration >10 ng/l

in ground water [120]. As per the report [44] in USA, 5% of all
its community water supply system will have to make corrective
action to lower the current arsenic level. According to a recent
survey carried out by School of Environmental Studies (SOES),
Jadavpur University, Kolkata, ground waters of 2700 villages in
9 districts out of a total of 18 in West Bengal, India, are arsenic
contaminated (arsenic content >50 ppb). About 6 million peo-
ple from these districts having a total population of 42 million
are consuming arsenic contaminated water and about 30,000 of
them are threatened with visible symptoms of arsenic poisoning
[2]. Recently, in India, arsenic poisoning due to contaminated
ground water has also been reported in Sahebgunj district of
Jharkhand [2], Bhojpur district of Bihar [121], Dhemaji district
and Karimganj district of Assam [122], Rajnandgaon District
of Chattisgarh [123] and Balia district of Uttar Pradesh [122].
Many places of Punjab and Haryana like Ropar, Manimajra,
Chandigarh, N. Garh, Patiala and Ambala, etc. have also been
reported to have higher arsenic level in wells and springs water
(50-545 pg/l) [124].

In Bangladesh, ground waters of 2000 villages in 50 dis-
tricts out of a total of 64 districts have been identified as
containing arsenic above permissible level of 50 ppb. Twelve
worst affected districts of south and east Bangladesh are Chand-
pur, Madaripur, Munshiganj, Gopalganj, Lakshmipur, Noakhali,
Bagerhat, Shariatpur, Comilla, Faridpur, Satkhira and Meherpur
where arsenic concentrations in tube wells have been found max-
imum. Arsenic concentrations in the ground water of about 76%
of shallow wells of these districts exceed the Bangladesh stan-
dard for arsenic. The median arsenic concentration is 135 g/l
and 60% or more of the wells in each of these worst affected
districts contain arsenic concentrations exceeding 50 wg/l and
occasionally concentrations exceed 1000 g/l [4]. It is estimated
in 2003 that more than 50 million people in Bangladesh are
drinking water with arsenic concentrations exceeding the cur-
rent Bangladesh standard of 50 pg/1 [91].

Recently, arsenic above 50 g/l has been found in the ground
water of Muzaffargarh district of southwestern Punjab, cen-
tral Pakistan. Maximum arsenic content has been found to be
906 pg/l. The arsenic concentrations in the shallow tube wells
of urban area have been found more than that of rural area. Dur-
ing the 1980s, the endemic arsenicosis was found successively
in many areas on mainland China such as Xinjiang Uygur A.R.,
Inner Mongolia, Shanxi, Liaoning, Jilin, Ningxia, Qinghai, and
Henan provinces [5]. The scenario of arsenic poisoning around
the world is summarized in Table 5.
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World scenario of arsenic poisoning from drinking water

Country name

Poisoning effect Permissible national limit (ppb)

Reference

Bangladesh

India

Pakistan

Taiwan

China/Mongolia

Mexico

Thailand
Chile

USA

Germany
Canada
Argentina

Hungary

Finland
Vietnam

Nepal
Myanmar
Cambodia

Japan
New Zealand

Kamchatka

France
Dominica

2000 villages in 50 out of a total of 64 districts have been identified as containing 50
arsenic above permissible level of 50 ppb and 50 million people are drinking water

with arsenic concentrations exceeding the current Bangladesh standard of 50 pg/l.

Aresnic available in the range of 10-1000 g/l

2700 villages in 9 districts out of a total of 18 in West Bengal, India, are arsenic 50
contaminated (arsenic content >50 ppb). About 6 million people from these

districts having a total population of 42 million are consuming arsenic

contaminated water and about 30,000 of them are threatened with visible

symptoms of arsenic poisoning. Available arsenic concentration is

0.003-3700 pg/l. Arsenic poisoning has also been reported in Bihar, Punjab and

Haryana

Ground water from shallow tube wells of Muzaffargarh District of south-western 50
Punjab, central Pakistan has been found to have arsenic concentration upto

906 wg/l

Chronic arsenicism is observed in a population of 40,421 in 37 villages, and 7418 50
cases of hyper pigmentation, 2868 of keratosis, 360 of BFD patients, and some

cases of cancer (liver, lung, skin, prostate, bladder, kidney) are observed. Arsenic
concentration in endemic area is 400-600 g/l

The arsenic concentration in the groundwater in affected areas is in the range of 50
220-2000 g/l with the highest level at 4440 wg/l. At present, the population

exposed to high amounts of arsenic is estimated to be over 2 million and more than

20,000 arsenicosis patients are confirmed

The range of total arsenic concentration is 8-624 ug/l. The symptoms observed in

this area are cutaneous manifestations (skin pigmentation changes, keratosis and

skin cancer), peripheral vascular disease (BFD), gastrointestinal disturbances and

alteration in the coporphyrin/uroporphyrin excretion ratio

Arsenic in the range of 1.25-1032 g/l is available in water

Average arsenic concentration is >100 pg/l. In a survey of 27,088 school children,

12% are found to have the cutaneous changes of arsenicism; one-fourth to

one-third of these has suggestive systematic symptoms. Eleven percent has

acrocyanosis. Of the Antofagastan residents, 144 have abnormal skin

pigmentation, compared with none in the 98 control subjects

The range of arsenic in the well water is 1-490 wg/1. Five percent of all its 10
community water supply system will have to make corrective action to lower the

current arsenic level

Arsenic concentration <10-150 g/l

Arsenic in water varies from 100 to 410 pg/l as As;O3 25
The arsenic content of nearly 50% of the water samples from Pampa Province of

Cordoba, southeast Argentina ranges from 100 to 316 pg/l with a maximum value

of 3810 pg/l

1-174 pg/l arsenic is available in water. A few thousand people are affected and

several symptoms of arsenic poisoning i.e. melanosis, hyperkeratosis, skin cancer,

internal cancer, bronchitis, gastroenteritis, haematologic abnormalities are found

among them

Arsenic concentration in well water is 17-980 g/l

Elevated arsenic concentration, 1-3050 g/l over a large rural and sub-urban area 50
of the Vietnamese capital of Hanoi has been reported

Arsenic concentration in some sources exceeding 50 g/l although documentation

of the affected aquifers is so far limited

Arsenic concentration in some sources exceeding 50 g/l although documentation

of the affected aquifers is so far limited

Arsenic concentration in some sources exceeding 50 g/l although documentation

of the affected aquifers is so far limited

The highest concentration found is 293 pg/1 10
Effluents from the Kawerau geothermal field in New Zealand contains 38 g/l -
arsenic

Arsenic associated with geothermal waters has also been reported in several areas, -
including hot springs

Arsenic associated with geothermal waters has also been reported in several areas -
Arsenic associated with geothermal waters has also been reported in several areas -
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BFD: Black foot disease.
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6. Remediation techniques

There are some conventional as well as advanced techniques,
which can be applied for the removal of arsenic from contami-
nated water. These techniques are discussed below.

6.1. Conventional techniques

Arsenic removal in the conventional techniques are per-
formed by oxidation of soluble As(III) to less soluble As(V) fol-
lowed by separation of As(V) by exploiting any of the physico-
chemical properties like coagulation—precipitation, adsorption,
ion exchange, reverse osmosis, electro dialysis, etc. The con-
version of As(IIl) to As(V) is done by using some oxidizing
chemical agents like chlorine, potassium permanganate, etc.
Addition of chemicals in the oxidation step increases the cost
of these techniques. These physico-chemical techniques can be
classified as below.

1. Coagulation—precipitation. In this process chemicals trans-
form dissolved arsenic into an insoluble solid which is precip-
itated. Dissolved arsenic may also be adsorbed on the surface
and be co precipitated with other precipitating species. Sus-
pended/colloidal arsenic may also be separated by coagula-
tion and flocculation. The pH of the process highly influences
the efficiency of removal. Commonly used chemicals in this
technique are ferric salts, alum, manganese sulphate, ammo-
nium sulphate, copper sulphate, etc.

2. Lime softening. Itis similar to precipitation where limes (lime
stone, calcium hydroxide) are used for the removal.

3. Adsorption. In this technique arsenic species is attached on
the surface of the adsorbent by physical as well as chem-
ical forces. The active surface area of adsorbent, its sur-
face energy and the pH of the solution highly influence the
removal efficiency. Conventionally used adsorbents are acti-
vated alumina, activated carbon, greensand (KMnO, coated
gluconite), granular ferric hydroxide, iron oxide coated sand,
copper-zinc granules, etc.

4. Ion exchange. In this technique arsenic ions held electro stat-
ically on the surface of a strong base anion exchange resins
are exchanged for ions of similar charge in the solution from
the resin.

5. Membrane filtration. In this technique arsenic is separated
from water by passing it through a semi permeable barrier
or membrane. Pressure difference is the driving force for
the separation. The removal efficiency depends on the pore
size in the membrane and the particle size of arsenic species.
Pre oxidation step improves the removal efficiency. Various
types of membrane filtration techniques are mentioned in
Table 6.

However, certain drawbacks make these processes ineffi-
cient in some cases, especially when Fe and Mn are available
in water. Small pores of these membranes are more prone
to fouling. Fe and Mn promote fouling of membrane due to
co-precipitation that might be ir-reversible. It needs pretreat-
ment of water, monitoring of operational pressure and skilled
operator, which makes the process costly.

Table 6
Various types of membrane filtration

Membrane process ~ Operating structure (pore size)  Operating range (jm)

Microfiltration Macro pores (>50 nm) 0.08-2.0
Ultrafiltration Mesopore (2-50 nm) 0.005-0.02
Nanofiltration Micro pore (<2 nm) 0.0001-0.001
Reverse osmosis Dense (<2 nm) 0.0001-0.001

6. Electro dialysis. It is similar to reverse osmosis except the
driving force; an electric field applied across a semi per-
meable membrane in the contaminated water generates the
driving force for separation.

These conventional techniques have some limitations i.e. (i)
use of chemicals, its handling and impact on water quality; (ii)
production of large volume of high arsenic contaminated sludge;
(iii) need of secondary treatment in some cases (iv) interference
of sulfates and other ions on removal efficiency and (v) high
installation and operation cost and lower efficiency in many
cases. A comparison among some conventional processes of
typical cases is summarized in Table 7.

The success of a particular removal technology depends upon
the following factors.

(i) MCL target,

(ii) Influent arsenic concentration,

(iii) Population,

(iv) Region where the system is located,

(v) Source water,

(vi) Whether a system has existing treatment in place,
(vii) Co-occurrence of solutes and
(viii) Waste disposal issues.

All the processes mentioned in Table 7 except electro dialysis
and adsorptions on activated carbon have been applied to solve
arsenic problems in real fields. These technologies are suitable
for all of the nine system size categories (based on population)
made by EPA as shown below:

25-100,

101-500,

501-1000,

1001-3300,
3301-10,000,
10,001-50,000,
50,001-100,000,
100,001-1,000,000 and
greater than 1,000,000.

6.2. Best available technologies (BATs)

Among the conventional techniques the following techniques
have been defined as the best available technologies (BAT) for
arsenic removal [44,125,130]:

(i) Anion exchange,
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Table 7

The comparison amongst the conventional processes

Process Salient features Advantages Disadvantages Reference
Precipitation with alum pH <6.5, ER.S.=lower as ‘Well established; suitable for Use of chemicals; high [44,125]

Precipitation with iron

Precipitation with Fe/Mn

Lime softening

Reverse osmosis

Electro dialysis

Ion exchanges

Adsorption in activated alumina

Adsorption on activated carbon

well as higher Asg,
A.0.A.C <20 pg/l,
R.E.=20-90%,

OPC =medium

pH 6-8, E.R.S. =lower as
well as higher As,
A.0.A.C <20 pg/l,
R.E.=60-90%,

OPC =medium

pH>7, ER.S.=lower as well
as higher Asy,
A.0O.AC<10pg/],
R.E.=40-90%,

OPC = medium

pH>10.5, ER.S. =lower
Asp, A.0.A.C <10 pg/l,
R.E.=80-90%, OPC =high

E.R.S.=lower Asg,
A.0.A.C <2 pg/l,
R.E.>90%, OPC =high

pH 7-9, ER.S. =lower As,
A.0.A.C <3 pg/l,
R.E.>95%, OPC =high
pH 7.5, E.R.S. =lower Asy,
A.O.AC<2pgl,

R.E. >90%, OPC =high
pH 5.5-6.0, E.R.S. =lower
Asp, A.O.A.C. <1 pg/l,
R.E. >90%, OPC =low

pH 2-9, E.R.S. =lower As,
A.0.A.C<7pg/l,
R.E.=30-90%, OPC =low

home use

Proven and reliable

Proven and reliable

Proven and reliable; reduces
corrosion

Highest water quality; treats
wide range of dissolved salts,
minerals; turbidity

Pure quality water

Can produce treated water
with As concentration less
than 2 pg/l

‘Well established; suitable for
home use; typically
inexpensive with simple
replacement requirements;
improves test and odour

Typically inexpensive with
simple replacement
requirements; improves test
and odour

arsenic contaminated sludge;
dose of oxidizing chemicals
highly influence the removal
efficiency

Use of chemical; high arsenic
contaminated sludge; dose of
oxidizing chemicals highly
influence the removal
efficiency

Higher and lower pH reduces
efficiency; use of chemical;
high arsenic contaminated
sludge; dose of oxidizing
chemicals highly influence
the removal efficiency
Sulfate ions influence
efficiency; secondary
treatment is required; use of
chemicals

Expensive to install and
operation; frequent
membrane monitoring; pH,
temperature and pressure
control to meet membrane
tolerance

Less proven; costly; needs
oxidizing agents

Efficiency affected by sulfate,
nitrates, fluorides ions, TDS,
selenium, etc

Careful monitoring;
effectiveness is based on
contaminant type;
concentration and rate of
water usage; bacteria may
grow on alumina surface
Efficiency depends on the ash
content in the carbon and on
the metal concentration; not
proven

[44,45,125,126]

[44,45,125]

[44,45,125]

[44,45,125]

[44,120,125]

[44,45,125,127]

[44,45,125]

[44,128,129]

A.O.A.C: attainable outlet arsenic concentration, R.E.: removal efficiency, E.R.S.: effective range of separation, OPC: operating cost.

(i) Activated alumina (AA),

(iii) Reverse osmosis (RO),

(iv) Modified coagulation/filtration,

(v) Modified lime softening and

(vi) Oxidation/filtration (including greensand filtration).

But the level of iron in the raw water affects greensand filtra-
tion. It works well when iron: arsenic ratio exceeds 20:1. Surface
waters typically have low iron content whereas ground waters
often have levels in excess of 300 mg/l; accordingly, greensand
filtration is not considered as a viable removal technology for
surface water systems but is viable for ground water systems.
The Safe Drinking Water Act (SDWA) identifies point of entry
(POE) and point of utilization (POU) treatment units as poten-
tially affordable technologies for the two smallest categories of
groundwater systems out of nine categories made by EPA. The

available POU technologies for arsenic removal are essentially
smaller versions of reverse osmosis and activated alumina.

It is difficult to compare the costs of various treatment tech-
niques as the efficiency depends on different parameters. How-
ever, a cost comparison has been done in the report [130] where
average cost has been calculated assuming a public won ground
water system with a single contaminated entry point. The sys-
tem compliance technology cost of various BET processes for a
system size category of 501-1000, assuming inlet concentration
of 50 wg/l and treated water arsenic concentration of 10 g/l is
shown in Table 8.

Similarly base cost of treatment plants based on the above
stated techniques have been calculated based on water and water
cost models [131]. As per this report the cost comparison for
treating 1 million gallon water of same quality per day by some
of these processes is shown in Table 9.
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Table 8
Comparison of treatment costs of various treatment processes [130]

Processes Treatment cost (US$)
Coagulation—filtration 11325
Lime softening (LS) 19681
Reverse osmosis (RO) 143199
Ion exchange (IX) 169273
Activated alumina (AA) 83871

By a comparison among these processes it is evident that
coagulation—filtration and lime softening techniques are cheaper
but the removal efficiency of these techniques are low (<90%).
Hence, the adsorptive process with activated alumina seems
to be the most inexpensive among the techniques with higher
efficiency (=95%). For ground water systems without pre treat-
ment in-place, the most suitable treatment technologies are ion
exchange and activated alumina.

Activated alumina process can also remove some organic
chemicals, pesticides, chlorine, etc. and is capable of improv-
ing test and smell. But effectiveness is dependant on contam-
inant type, concentration and rate of water usage. Adequate
water flow and pressure requirement for backwashing/flushing
requires careful monitoring. Further, bacteria may grow on alu-
mina surface.

6.3. Developments in the area of arsenic removal
techniques

In recent years, efforts have been directed to improve the
efficiency and cost effectiveness of arsenic removal techniques
either by modification of the conventional techniques mainly
adsorption or by inducing new technology where chemical oxi-
dation of As(III) to As(V) is avoided. Replacement of conven-
tional chemicals like chlorine and KMnOy4 by other chemicals
like ozone is also a recent research trend on arsenic removal
from contaminated water. These are discussed below.

6.3.1. Modification of conventional techniques

Although adsorption by alumina is a low cost efficient treat-
ment option for arsenic removal from contaminated water, this
technique is still not affordable by the common people of poor
countries. Hence, search for more efficient and cost effective

Table 9
Approximate cost comparison of various treatment processes [131]

Processes Treatment cost (US$) Model used

Coagulation—filtration - -

Lime softening (LS) 310500/1 mgd Water model for
package lime
softening

Reverse osmosis (RO) 775820/1 mgd Water cost model

1157600/1 mgd Water model for

package reverse
0Smosis

Water cost model
Water cost model

Ton exchange (IX)
Activated alumina (AA)

253930/1.1 mgd
90400/0.7 mgd

mgd: million gallons per day.

alternate adsorbents are in progress. Some of such alternatives
are the surface coated adsorbents. Recently some adsorbents like
coconut husk carbon, iron oxide coated polymeric materials, low
cost ferruginous manganese ore, iron oxide coated sand, Mn
greensand, etc., have been reported [27,43,132,133] for effec-
tive adsorption. Relatively very little information is published on
the adsorption of As(IIl) by activated carbon; however, As(V) is
adsorbed by commercially available activated carbon (ash con-
tent around 16%) with lower removal efficiency. The high ash
containing charred carbon (ash content around 29%), obtained
from fly ash has been reported to have 90% removal efficiency
[129]. Similarly, coconut husk carbon has been reported to have
more than 95% removal efficiency with optimum adsorption at
pH 12.0. Adsorbent dose, contact time and initial concentration
of arsenic have been found to affect removal efficiency [132].
Iron-hydroxides coated polymeric materials (polystyrene and
poly HIPE) have been reported to show more than 95% removal
efficiency with the optimum pH at 7.0 and empty bed contact
time (EBCT) of 125 min. The efficiency has been found depen-
dent on initial concentration, pH, EBCT, presence of competitive
ions in solution [131].

A low cost ferruginous manganese ore (FMO), US$ 50-56
per tonne, has been used as effective adsorbent to remove arsenic,
this material is able to treat water without pretreatment and at
optimum conditions it is able to remove arsenic by 98.5-99.8%.
The presence of Ni*?2, Co*?, Mg*? enhances the adsorption
capability of FMO [27]. Manganese greensand (MGS) and dif-
ferently prepared iron oxide coated sands have been reported as
adsorbents for the removal of organic arsenic from water [43].
Arsenic removal by some recently used adsorbents is summa-
rized in Table 10.

Recently, the suitability of ozone as oxidizing agent over
chlorine for the oxidation of As(IIl) to As(V) has also been
studied. More than 96% conversion has been reported by using
ozone in place of chlorine for arsenic oxidation at pH 7.6-8.5
[141].

6.3.2. Advances in arsenic removal technology

To meet the challenge of reducing arsenic concentration to
the MCL value of 10 g/l and its treatment cost, apart from the
conventional removal processes, search for new developed tech-
nique has been initiated in the last decade of the 20th century.
Recently, some techniques have been reported where conven-
tional chemical oxidizing agents are not used for oxidation of
As(IIT) to As(V). UV ray, living plants and microbes are respon-
sible for oxidation of arsenic in these cases. In 2002, oxidation
of arsenic by UV ray and sunlight in presence of iron and oxida-
tion of arsenic by UV ray in presence of sulfite has been reported
[118]. The reported conversion in both the cases was more than
95%. In the first case residues passed the USEPA leach test
with or without solidification. In the second case no residue was
obtained. These technique of arsenic removal are patented and
the filters based on oxidation by photo-absorber is used in rural
areas of Bangladesh where as the filters based on the oxidation
of arsenic using UV ray is used in USA.

Upcoming waves of biotechnology also attracted the
researchers to investigate for alternative cost effective and eco-
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Table 10

Arsenic removal by recently used adsorbent/surface modified adsorbents

Adsorbent Operating conditions Nature of work Remarks Reference
Tron oxide coated cement pH 4, temperature =27 +2°C, Column study Percentage removal =99.5%. The [134]

Asp =2000 wg/l, particle size of
adsorbent=0.212 mm

Bead cellulose loaded with iron
oxy hydroxide

pH 7, temperature =25+ 0.5 °C,
Asp =500 pg/l, particle size of
adsorbent =20-60 mesh

Granular titanium dioxide pH 7 £0.1, temperature =24 °C,
Asp =300 pg/l, particle size of
adsorbent=0.15-0.6 mm

pH 4.5-6.5, temperature =24 °C,
Asp=0-100 pg/l, particle size of
adsorbent =75-63 pum

pH 6, temperature =24 °C,
Asp=8500 wg/l, Fe =200 pg/l,

DO =8 mg/l, Si0, =560 mg/l,
particle size of Fe(o) =100 and 40
mesh, for filter sand =0.35-0.45 mm
pH 4-5, temperature =24 °C,

Asp =200 g/l (batch),

Asp =400-500 g/l (column),
particle size of

adsorbent =4.88-4.92 mm

pH <6, temperature =20 °C,

Asp =100-240 wg/l, particle size of
adsorbent =75 pwm, shaking time
30 min

Natural iron ores

Zero-valent iron and filter sand

Hardened paste of Portland
cement

Polymetallic sea nodule

Column study

Batch study

efficiency of the adsorbent after

regeneration by 10% NaOH was not

decreased much

Percentage removal for [135]
arsenite =95%, for arsenate = 80%

S0, 2 had no effect on arsenic

removal but PO, 3 influenced the

removal greatly. Silica decreases

only arsenite adsorption

Percentage removal =95%, Silica has [136]
shown no obvious effect

Batch study Percentage removal =>95% [137]
Batch study Percentage removal =>99% [138]
Batch and column study Percentage removal for As=>90% [139]
Batch Percentage removal for As=>90% [140]

friendly removal processes by the help of biochemical engineer-
ing. Phyto remediation and bio-filtration using living microbes
have recently been identified as two main biological treatment
techniques for removing arsenic from contaminated water in an
eco-friendly way [28,142—150].

In phyto remediation technique plant/fungal biomass is used
as adsorbent. The removal mechanism is similar to that of
adsorption techniques. The fungal/plant biomass is susceptible
to chemical and engineering improvements and regeneration of
their capabilities [142]. It has recently been observed that the
capability of fungal biomass for treating metal contaminated
effluents is better than activated carbon (F-400) or the industrial
resin Dowex-50 [142].

The pre treatment of biomass of P. chrysogenum with com-
mon surfactants (as hexadecyl-tri-methyl ammonium bromide
and do-decyl amine) and a cationic-polyelectrolyte was found to
improve the bio-sorption efficiency. The reported improvement
in bio-sorption efficiency was 37.85, 33.31% and 56.07%, for
hexadecyl-trimethyl ammonium bromide, dodecyl amine and
polyelectrolyte, respectively [143]. Moreover, this biosorptive
process reduces capital cost by 20%, operational; cost by 36%
and total treatment cost by 28% when compared with conven-
tional processes [144].

The tea fungus, a waste produced during black tea fermen-
tation has been examined for its capacity to sequester the metal
ions from ground water samples. Autoclaved tea fungal mat and

autoclaving followed by FeCls pretreated tea fungal mat were
exploited for removal of As(IIl), As(V) and Fe(Il) from ground
water sample collected from Kolkata, West Bengal, India. The
biosorption rate tends to increase with the increase in contact
time and adsorbent dosage. FeCl3 pretreated and autoclaved fun-
gal mats removed 100% of As(III) and Fe(II) after 30 min contact
time and 77% of As(V) after 90 min contact time. The optimum
adsorbent dosage was 1.0 g/50 ml of water sample. The results
revealed that the FeCls pretreated fungal mat could be used as
an effective biosorbent for As(Il) and As(V); autoclaved fungal
mat for Fe(Il) removal from ground water sample [145]. Living
plants like Brake fern (Pteris vittata) may also be used to take
up arsenic from contaminated water, which is accumulated into
the plant body [146].

The mechanism of arsenic removal by using living microbes
differs from that of phyto remediation technique. Like other
heavy metals, in this case the conversion of As(IIl) to As(V)
may be performed by an extra cellular enzyme and the oxidized
species may be adsorbed or precipitated/co precipitated onto
the bio layer formed on the solid support medium. Or, by a trans
membrane protein the arsenic may be entered into the microbial
cell where methylation or oxidation—reduction of arsenic species
may take place. It has been reported that in most of the cases
the removal efficiency of this technique is controlled by plasmid
gene. Hence, there is a high possibility for improving the effi-
ciency by genetic modification of the microbes. However, the
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Table 11
A comparison amongst some recently reported major techniques
Process Parameters Removal Advantage(s) Disadvantage(s) Reference
efficiency (%)
Oxidation by UV ray and sun Aso=10mg/l, pH >96 No use of chemicals; pH is lower Zaw and Emett [118]
light in presence of iron 1.5-3, Fep = 180 mg/l, The residues with or
Fe(II) to As(III) without solidification
ratio=24 passed the standard of

Oxidation by UV ray in
presence of sulfite

Asp=0.47mg/l, pH 9, >96
air bubble supplied

Oxidation by iron oxidizing Aso=35.60 pg/l, pH >80
bacteria in presence of iron 7.2, Fep =2.8 mg/l,
and Mn Mng =0.6 mg/l,
ORP=280-290mV,
DO =2.7mg/l
Oxidation by sulfate reducing Asp=10mg/l, pH >78

bacteria 4.5-7, Feg =20 mg/1

USEPA leach test for
disposal

Effluent amenable to
all techniques for

Sulfite content
influences the

Zaw and Emett [118]

As(V) removal efficiency

No use of chemical; Not well Katsoyannis et al. [28,148]
cheaper and established

eco-friendly;

indigenous microbes

No use of chemical; Not well Jong and Pany [149]

cheaper and established
eco-friendly;

indigenous microbes

Feq =initial iron concentration, Mng = initial manganese concentration, Aso =initial arsenic concentration, ORP = oxidation reduction potential.

evaluation of the removal efficiency and the reliability of these
processes are yet to be found out.

In a study of iron removal through sand filters of three differ-
ent fresh water plants, two biotic and one abiotic, in the same area
of Denmark, the rate of iron precipitation in biotic and abiotic
conditions has been compared [147]. As per this report, biotic
iron precipitation is 60 times faster than abiotic precipitation and
biotic sludge is 7-9 times denser than abiotic one. The microbe
used in this study was Gallionella ferruginea. The morphol-
ogy of the iron precipitates has been investigated by using light,
X-ray, scanning electron and transmission electron microscopy.
The physico-chemical conditions governing precipitation and
precipitated iron sludge has also been investigated.

This report seems to be of interest to the bio-engineers to
develop new technique to remove iron and other metals that can
be co-precipitated with iron. In 2002, the biological oxidation of
As(IIT) to As(V) by iron and Mn oxidizing bacteria has also been
reported. It has also been confirmed that trivalent arsenic can
be efficiently treated without any additional use of chemicals in
this bioprocess, the optimum conditions have also been reported
[28,148].

Similarly in 2003, microbial sulfate reduction and subsequent
precipitation of Cu, Zn, Ni, Ce and As has been reported. The
experiment has been done with a mixed population of sulfate
reducing bacteria (SRB) in an up-flow anaerobic packed bed
reactor (UPAB) containing silica sand [149].

In 2003, Casiot et al. by their study on the mobilization of
arsenic in acid mine drainage from Carnules creek in France,
have suggested that the immobilization of indigenous bacteria
in the precipitates which cover the bottom of the creek, is respon-
sible for oxidation of arsenic. More than 75% Arsenic removal
in presence of bacteria as living cell and 22% arsenic removal
in absence of bacteria have been observed [150]. Out of six
indigenous bacteria in the creek two have been found mainly
responsible for As(IIl) oxidation, and one for iron oxidation.

An arsenic oxidizing bacteria has been reported as Thiomonas
Ynysl. The role of other bacteria is not known. The experiment
was carried out at pH 2.73-3.37 and through out the year, creek
temperature was varied from 13.2t0 16.5 °C. No influence of UV
and photo oxidation on the arsenic removal has been reported in
this study.

Kostal et al. [151] has shown that by the genetic modification
of E. coli the arsenite and arsenate removal efficiency can be
improved by 60 and 5-folds, respectively.

A comparison among some major recently reported tech-
niques are summarized in Table 11.

6.3.3. Scopes and limitations of advanced techniques

The advanced techniques have been able to oxidize As(III) to
As(V) successfully without the use of any chemicals. By these
oxidation techniques the cost effectiveness may be increased,
but there are some limitations of these techniques too. The pH
of the iron photo absorber process is very low i.e. 1.5-3, which
needs to be increased to 68 to satisfy drinking water standard.
In sulfite absorber process the oxidation rate is highly influenced
by the concentration of sulfite. Similarly the only limitation of
the biological oxidation processes is that the reported oxidation
efficiency is only 80%. Although, the genetic modification of
some microbes improves its arsenic removal efficiency [152],
these genetically engineered bacteria may alter eco system [153].

6.4. Alternate options for arsenic free water

Some alternate safe water options applied in West Bengal
and Bangladesh are clay filters, deep tube well, dug well, sur-
face water, rainwater harvesting and solar distillation. Solar
distillation technique uses the sun’s energy to evaporate water,
which then re-condenses. The process of evaporation and re-
condensation separates all chemicals, including arsenic, from
the water. In Bangladesh, where solar energy is plentiful, this
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approach may be especially suited for application in crisis areas
[154].

7. Conclusion

Based on the above discussions the following conclusions are
made:

1. Recovery of the arsenic related cancers by medication are
difficult as the arsenic metabolism and mechanism of car-
cinogenicity are poorly understood. In this situation proper
treatment of contaminated drinking water plays a vital role
for eradicating the arsenic health risk by reducing the arsenic
level well below the MCL value of arsenic in drinking water.

2. Conventional treatment processes are neither cost effective
nor affordable by the common people of poor countries like
Bangladesh, India, etc., as a result, the MCL value in these
countries are still at 50 pg/l and a large number of people in
the world are under the threat of arsenic.

3. In near future surface coated adsorbents might play a role in
decreasing treatment cost of arsenic contaminated water.

4. Out of the advances reported in cost effective arsenic removal
techniques, the microbial oxidation of arsenic draws max-
imum attention because it requires no chemicals and the
microbes are indigenous to the contaminated water. The per-
centage oxidation has already been reported as 80%. In spite
of the low oxidation efficiency it can be applicable to reduce
arsenic concentration in the lower contaminant level suc-
cessfully. More over, genetic modification of microbes by
microbial cloning technique might improve the efficiency of
this technique in near future.
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