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ABSTRACT

Arsenic (As) contamination of groundwater in different parts of the world is an outcome of natural and/or anthropogenic sources, leading to 
adverse effects on human health and ecosystem. However, the serious contamination of groundwater by As in Southeast Asian countries has 
come out recently as the biggest natural calamity in the world. As catastrophe has far-reaching consequences in the form of social disorders, 
health hazards include its ingestion through food chain and socioeconomic dissolution. Excessive and prolonged exposure of inorganic arsenic 
with drinking water is causing arsenicosis, a deteriorating and disabling disease characterized by skin lesions, and pigmentation of the skin, 
patches on palm of the hands, and soles of the feet. Arsenic poisoning culminates into potentially fatal diseases such as skin and internal cancers. 
Despite a number of corrective and precautionary measures, the spread of arsenic contamination in groundwater continued to grow and more 
new areas were added to the list of contaminated extent. The problem resolving issues, thus, seemed to be partial and inadequate, which need to 
be strengthened by scientific investigation, strategic plan, and proper action. Numerous investigators have come out with a number of findings 
and alternative propositions, which varied from identification of shortfalls to success stories. This paper reviews sources, specification, and 
mobility of arsenic and global overview of groundwater contamination. The paper also critically reviews the arsenic-led human health risks, 
its uptake, metabolism, and toxicity mechanisms. The paper also provides an overview of the state-of-the-art knowledge on the alternative 
arsenic-free drinking water and various technologies (oxidation, coagulation-flocculation, adsorption, and microbial) for mitigation of the 
problem of the prevailing arsenic contamination of groundwater in the region.
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INTRODUCTION

Arsenic present in the environment and humans all over the 
world is usually exposed to lesser amounts, mostly through 
food, water, and air. However, the presence of elevated levels 
of arsenic in groundwater, the main source of drinking water 
in many countries around the world, has drawn the attention of 
the scientific community. Groundwater, free from pathogenic 
microorganisms and available in adequate quantity through 
tube wells sunk in shallow aquifers in the floodplains, provides 
low-cost drinking water to scattered rural populations. 

Unfortunately, millions are exposed to high levels of inorganic 
arsenic through drinking this water. It has become a major 
public health problem in many countries in South and East 
Asia and a great burden on water supply authorities. Treatment 
of arsenic contamination of water, in contrast to that of many 
other impurities, is difficult, particularly for rural households 
supplied with scattered hand pump tube wells. In developing 
countries like Bangladesh, India, Pakistan, and Myanmar, the 
high prevalence of contamination, the isolation and poverty 
of the rural population, and the high cost and complexity of 
arsenic removal systems have imposed a programmatic and 
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policy challenge on an unprecedented scale. Source substitution 
is often considered more feasible than arsenic removal. The 
use of alternative sources requires a major technological shift 
in the water supply. Treatment of arsenic-contaminated water 
for the removal of arsenic to an acceptable level is one of the 
options for safe water supply. Since the detection of arsenic in 
groundwater, a lot of efforts have been mobilized for treatment 
of arsenic-contaminated water to make it safe for drinking. 
During the past few years, many arsenic detection and test 
methods and small-scale arsenic removal technologies have 
been developed, field-tested, and used under different programs 
in developing countries. The brief review of these technologies 
is intended as an update of the technological developments 
in arsenic testing, arsenic removal, and alternative water 
supplies. It is hoped that the review will be of assistance to 
those involved in arsenic mitigation in South and East Asian 
countries.

CAUSES AND INCIDENCES

Arsenic is a chemical metallic element with symbol As an 
atomic number 33. It forms a number of poisonous compounds 
and is found in nature at low levels mostly in compounds 
with oxygen, chlorine, and sulfur. These are called inorganic 
arsenic compounds. Arsenic is present in the environment 
and humans all over the world and is exposed to small 
amounts, mostly through food, water, and air. Contamination 
of groundwater, either from anthropogenic or natural sources 
with several social impacts, has now turned to be a major 
environmental concern in different parts of the world. Millions 
of people in several countries are exposed to high levels of As 
through intake of As-rich groundwater. Elevated level of As 
in groundwater has been well documented in Chile, Mexico, 
China, Argentina, USA, and Hungary[1,2] as well as in the 
Indian State of West Bengal, Bangladesh, and Vietnam.[2-6] 
About 150 million people around the world are estimated 
to be affected globally with an increasing prospect as new 
affected areas are continuously discovered.[7] Groundwater 
contamination is almost continuously the aftereffect of human 
activities. In zones, where population density is high and 
human utilization of the land is concentrated, ground water 
is particularly vulnerable. Virtually any activity whereby 
chemicals or wastes may be released to the environment, 
either intentionally or accidentally, has the potential to 
pollute groundwater (EPA/625/R-93/002). At the point, when 
groundwater becomes to be distinctly polluted, it is difficult, 
especially for the rural households, supplied with scattered 
hand pump tube wells. Thereafter, it has become a major public 
health problem throughout Southeast Asia, particularly more 
severe at the high-dense population areas around the greater 
Dhaka, Chittagong, and Khulna regions of Bangladesh, and 
therefore, is a great burden on water supply authorities. In 
developing countries like India and Bangladesh, the high 
prevalence of contamination, the isolation and poverty of the 

rural population, and the high cost and complexity of arsenic 
removal systems have imposed a programmatic and policy 
challenge on an unprecedented scale.[8,9]

Recent studies in Bangladesh indicate that the groundwater 
is severely contaminated with arsenic above the maximum 
permissible limit of drinking water. In 1996, altogether 400 
measurements were conducted in Bangladesh.[10] Arsenic 
concentrations in about half of the measurements were above 
the maximum permissible level of 0.05 mg/l in Bangladesh. 
In 1998, the British Geological Survey (BGS) collected 2022 
water samples from 41 arsenic-affected areas including the 
major districts of over-populated Dhaka and Chittagong 
divisions.[10,11] Laboratory tests revealed that 35% of these water 
samples were found to have arsenic concentrations above the 
level of 0.05 mg/l.[11]

PUBLIC HEALTH THREATS

Arsenic contamination in the environment is turning to be 
a serious public health and social problem in several parts 
of the world. It is well-established fact that arsenite AsIII is 
more toxic than arsenate AsV, with inorganic As being more 
toxic than organic As.[12] However, different organic As species 
represent different degrees of toxicity.

According to a survey performed by the BGS and the 
Department of Public Health Engineering (DPHE), over 92 
million people in Bangladesh alone are exposed to drinking 
water with elevated As concentrations.[13] The problems caused 
by As in the groundwater of Southeast Asian countries are far-
reaching and multifaceted. The most widely known effect is 
health issues [Figure 1].

A common name generally used for arsenic-related health 
problems includesskin disorders, skin cancers, internal cancers 
(bladder, kidney, and lung), diseases of the blood vessels of 
the legs and feet, possibly diabetes, increased blood pressure, 
and reproductive disorders.[14-16] Arsenic exerts detrimental 
effects on general protein metabolism with high toxicity 
by reacting with sulfhydryl groups existing in the cysteine 
residues.[17] Arsenicosis causes also dire consequences for the 

Figure 1: Mechanisms of As toxicity inside of the body
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livelihood, family life, and earning capability when individuals 
fall victim. The absence of taste, odor, color, and exposure 
makes arsenic impossible for a layman to detect and avoid. 
Applying the WHO provisional guideline for drinking water 
of 10–50 ppb of arsenic, a population of more than 100 million 
people worldwide is at risk, and of these, more than 45 million 
people mainly in developing countries from Asia are at risk 
of being exposed to more than 50 ppb of arsenic, which is the 
maximum concentration limit in drinking water in most of the 
countries in Asia.[7]

SOCIOECONOMIC EFFECTS

The presence of As in irrigation and drinking water in 
South and Southeast Asia also causes severe socioeconomic 
problems.[18] At larger perspectives, elevated As contamination 
of a region may result in societal stress, disability in 
individuals, poverty, and decreased market value of potentially 
contaminated agricultural products leading to low income 
to the affected farmers. The social acceptance of people 
showing visual signs of arsenicosis often decreases[19] as non-
infected villagers unknowingly suspect leprosy and avoid the 
person.[20] Deterioration in physical appearance also makes 
women socially excluded. Life becomes miserable if one of 
the partners of a married couple is arsenic affected, he/she 
is often divorced, and sent back to their parents, sometimes 
together with their children.[20,21] Wedding arrangements are 
cancelled, or no matrimonial agreement can be made for 
affected sons and daughters.[21] People with obvious skin 
lesions are not offered jobs[20] or are asked to leave.[19] Often 
affected individuals only dare leaving the house at night. In 
particular, people with a lower income and subsequently higher 
dietary deficiencies are more often struck by arsenicosis,[22] 
decreasing the chances of a better life for these people even 
more.[19] The production of food in terms of yield and quality 
is also notably impaired in South and Southeast Asia.[23,24] In 
Bangladesh, 4 million hectares of the agriculturally used land 
is under irrigation, of which 3 million hectares are watered 
with tube well water.[23] Bangladeshi soils contain background 
contents of 4–8 mg As per kilogram, although these levels can 
increase substantially in areas, where As-contaminated water 
is used for irrigation.[25-28] Agricultural products, especially 
the mainly grown crop rice, accumulate a lot of As in the 
edible parts.[29] Constant As exposure to rice plants results in a 
decreased growth yield, grain number, and size.[25,30-33] In fact, 
the uptake of too much As by rice would completely inhibit 
grain formation, which is known as straight head disease.[34] 
Khan et al.[33] have shown that irrigating paddy soils with As-
containing irrigation water leads to a higher bioavailability 
of As in these soils, and hence, to a lower biomass of the 
rice. A loss in rice yield would negatively affect agricultural 
sustainability, national economies, and the food security and 
nutritional status of the farmers,[24,25,33-35] as rice accounts for 
76% of their average calorie intake.[36] However, as Asian rice 

is exported worldwide, the health of people from other parts 
of the world could also be negatively affected.[35]

MITIGATION TECHNOLOGIES

Selection of appropriate method to supply water with reduced 
As content relies on several factors and is complicated as the 
majority of the affected population lives in rural areas is deprived 
off infrastructure and with decentralized water supplies from 
millions of shallow tube wells extracting water from shallow 
aquifers. Mitigation strategies for As contamination problem 
in groundwater, therefore, should address both technological 
and the socioeconomic considerations.[37]

However, the basic principles of arsenic removal from water 
are based on conventional techniques of oxidation, co-
precipitation and adsorption on coagulated flocs, adsorption 
onto sorptive media, ion exchange, and membrane filtration. 
Oxidation of As(III) to As(V) is needed for effective removal 
of arsenic from groundwater by most treatment methods. The 
most common arsenic removal technologies in Bangladesh 
(including other Southeast Asian countries) can be grouped 
into the following categories:
1.	 Oxidation and sedimentation
2.	 Coagulation and Filtration
3.	 Sorptive filtration.

Oxidation and Sedimentation
Most treatment methods are effective in removing arsenic 
in pentavalent form, and hence, include an oxidation step 
as pretreatment to convert arsenite to arsenate. Arsenite can 
be oxidized by oxygen, ozone, free chlorine, hypochlorite, 
permanganate, hydrogen peroxide, and Fulton’s reagent, 
but atmospheric oxygen, hypochloride, and permanganate 
are commonly used for oxidation in developing countries. 
The oxidation processes convert predominantly non-charged 
arsenite to charged arsenate, which can be easily removed 
from the water. Atmospheric oxygen is the most readily 
available oxidizing agent, and many treatment presses prefer 
oxidation by air. However, air oxidation of arsenic is a very 
slow process and it can take weeks for oxidation to occur.[38] 
Air oxidation of arsenite can be catalyzed by bacteria, strong 
acidic or alkali solutions, copper, powdered activated carbon, 
and high temperature.[39]

Chemicals such as chlorine and permanganate can rapidly 
oxidize arsenite to arsenate under a wide range of conditions. 
Hypochloride is readily available in rural areas, but the potency 
(available chlorine) of the hypochloride decreases when it is 
poorly stored. Potassium permanganate is also readily available 
in developing countries. It is more stable than bleaching powder 
and has a long shelf life. Ozone and hydrogen peroxide are 
very effective oxidants, but their use in developing countries 
is limited. Filtration of water through a bed containing solid 
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manganese oxides can rapidly oxidize arsenic without releasing 
excessive manganese into the filtered water.

In situ oxidation of arsenic and iron in the aquifer has been tried 
in Bangladesh under the Arsenic Mitigation Pilot Project of the 
DPHE and the Danish Agency for International Development 
(Danida). The aerated tube well water is stored in feed water 
tanks and released back into the aquifers through the tube well 
by opening a valve in a pipe connecting the water tank to the 
tube well pipe under the pump head. Chlorine and potassium 
permanganate are used for oxidation of As(III) to As(V) in 
many treatment processes in Bangladesh and India. Solar 
oxidation and removal of arsenic is a simple method of solar 
oxidation of arsenic in transparent bottles to reduce arsenic 
content of drinking water.[40] Ultraviolet radiation can catalyze 
the process of oxidation of arsenite in the presence of other 
oxidants such as oxygen.[41] Experiments in Bangladesh show 
that the process on average can reduce the arsenic content of 
water to about one-third of the original concentration.[8] Arsenic 
reduction by plain sedimentation appears to be dependent on 
water quality, and in particular, the presence of alkalinity and 
precipitating iron in water. Passive sedimentation, in most 
cases, failed to reduce arsenic to the desired level of 50 µg/L in 
a rapid assessment of technologies conducted in Bangladesh.[42]

Coagulation and Filtration
In the process of coagulation and flocculation, arsenic is 
removed from solution through three mechanisms:
a.	 Precipitation: The formation of insoluble compounds.
b.	 Coprecipitation: The incorporation of soluble arsenic 

species into a growing metal hydroxide phase.
c.	 Adsorption: The electrostatic binding of soluble arsenic 

to external surfaces of the insoluble metal hydroxide.[39]

Precipitation, coprecipitation, and adsorption by coagulation 
with metal salts and lime followed by filtration are a well-
documented method of arsenic removal from water. This 
method can effectively remove arsenic and many other 
suspended and dissolved solids from water, including iron, 
manganese, phosphate, fluoride, and microorganisms, 
reducing turbidity, color, and odor and resulting in a significant 
improvement in water quality. Thus, the removal of arsenic 
from water using this method is associated with other ancillary 
health and esthetic benefits. Water treatment with coagulants 
such as aluminum alum (Al2[SO4]3.18H2O), ferric chloride 
(FeCl3), and ferric sulfate (Fe2 [SO4]3.7H2O) is effective in 
removing arsenic from water. Oxidation of As(III) to As(V) is 
required as a pre-treatment for efficient removal. It has been 
suggested that preformed hydroxides of iron and aluminum 
remove arsenic through adsorption, while in situ formation 
leads to coprecipitation as well.[39] In alum coagulation, the 
removal is most effective in the pH range of 7.2–7.5, and in iron 
coagulation, efficient removal is achieved in a wider pH range, 
usually between 6.0 and 8.5.[43] The effects of cations and anions 

are very important in arsenic removal by coagulation. Anions 
compete with arsenic for sorptive sites and lower the removal 
rates. Manning and Goldberg[44] indicated the theoretical 
affinity at neutral pH for anion sorption on metal oxides as: 
PO4 > SeO3 > AsO4 > AsO3 >> SiO4 > SO2 > F > B(OH)3. The 
presence of more than one anion can have a synergistic effect 
on arsenic removal. Addition of either silicate or phosphate 
has some effects on arsenic removal, but the presence of both 
can reduce arsenate removal by 39% and arsenite removal by 
69%.[45] Based on arsenic removal studies in Bangladesh, Meng 
and Korfiatis[46] concluded that elevated levels of phosphate 
and silicate in Bangladesh well water dramatically decreased 
adsorption of arsenic by ferric hydroxides.

The technologies developed based on the coagulation-
sedimentation-filtration process include:
a.	 Bucket treatment unit [Figure 2].[47]

b.	 Stevens Institute of technology.[48]

c.	 Fill and draw treatment unit [Figure 3].[48]

d.	 Tubewell-attached arsenic treatment unit.[49]

e.	 Iron-arsenic treatment unit.[50]

The bucket treatment unit, developed by the DPHE-DANIDA 

Figure 2: Bucket treatment unit

Figure 3: Fill and draw treatment unit
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project and improved by the Bangladesh University of 
Engineering and Technology (BUET), is based on coagulation, 
coprecipitation, and adsorption processes.

Sorptive Filtration
Several sorptive media have been reported to remove arsenic 
from water. As with the coagulation process, pre-chlorination 
improves the column capacity dramatically.

The activated alumina-based sorptive media used in 
Bangladesh and India include:
•	 BUET-activated alumina.[51]

•	 Alcan enhanced activated alumina [Figure 4].[51]

•	 Apyron arsenic treatment unit.[51]

•	 Oxide (India) Pvt. Ltd.[52]

The BUET iron-coated sand filter was constructed and tested 
on an experimental basis and found to be very effective in 
removing arsenic from groundwater. The unit needs pre-
treatment for the removal of excess iron to avoid clogging of 
the active filter bed. Iron-coated sand is prepared following 
a procedure similar to that adopted.[53] The Shapla arsenic 
filter [Figure 5], a household-level arsenic removal unit, has 
been developed and is being promoted by the International 
Development Enterprises, Bangladesh.[48]

The READ-F arsenic filter is promoted by Shin Nihon Salt 
Co. Ltd., Japan, and Brota International Services, Bangladesh, 
for arsenic removal in Bangladesh. READ-F displays high 
selectivity for arsenic ions under a broad range of conditions 
and effectively adsorbs both arsenite and arsenate. The 
READ-F is ethylene-vinyl alcohol copolymer-borne hydrous 
cerium oxide in which hydrous cerium oxide (CeO2.nH2O) is 
the adsorbent. Laboratory tests at the BUET and field testing 
of the materials at several sites under the supervision of 
the BAMWSP showed that the adsorbent is highly efficient 
in removing arsenic from groundwater.[54] One household 
treatment unit and one community treatment unit based on the 
READ-F adsorbent are being promoted in Bangladesh.[48] The 
units need iron removal by sand filtration to avoid clogging 
of the resin bed by iron flocs. Hence, the development of ion-
specific resin for exclusive removal of arsenic can make the 
process very attractive. Furthermore, the well-known American 
company (Tetrahedron, Inc.) promoted ion exchange-based 
arsenic removal technology, which has been reported to be 
partly used in Bangladesh.[48]

Granular ferric hydroxide (AdsorpAs) is a highly effective 
adsorbent used for the adsorptive removal of arsenate, arsenite, 
and phosphate from natural water. It has an adsorption capacity 
of 45 g/kg for arsenic and 16 g/kg for phosphorus on a dry weight 
basis.[52] M/S Pal Trockner (P) Ltd., India, and Sidko Limited, 
Bangladesh, have installed several granular ferric hydroxide-
based arsenic removal units in India and Bangladesh. The 

typical arrangement of the Sidko/Pal Trockner unit [Figure 6] 
requires aeration for oxidation of water and pre-filtration for 
the removal of iron flocs before filtration through active media. 
Chemicon and Associates have developed and marketed an 
arsenic removal plant based on adsorption technology in which 
crystalline ferric oxide is used as an adsorbent. The unit has a 
pre-filtration unit containing manganese oxide for oxidation of 
As(III) to As(V) and retention of iron precipitates.

CUMULATIVE COSTS

The cost of arsenic removal technology is an important factor 
for its adoption and sustainable use in rural areas. The cost 
of the technologies depends on many factors such as the 
materials used for fabrication of components, quantity of 
media or chemicals used, and quality of groundwater. Most 
of the technologies have been installed and are being operated 
under field testing and pilot scale operations. A  study in 
Bangladesh shows that a low-income household is willing to 
pay about US$ 0.75 per month for arsenic-safe water, which 

Figure 4: Alcan enhanced activated alumina

Figure 5: Shapla filter

Figure 6: Granular ferric hydroxide-based arsenic removal unit
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is not adequate even to meet the O and M costs of most 
water supply systems.[55] The cost of arsenic removal with 
iron by simple aeration-filtration is comparatively low, but 
the efficiency of the method is dependent on the presence of 
iron and optimum alkalinity in natural water. Hence, the costs 
of installation, operation, and maintenance of all the arsenic 
removal systems are not known or are yet to be standardized 
based on modifications to suit the local conditions. The unit 
costs of water produced by different water supply systems to 
meet present service levels have been calculated on the basis 
of annualized capital recovery using an annual interest rate of 
12% [Table 1]. It has been assumed that the arsenic-safe water 
required per family for drinking and cooking is 45 L/day. If the 
full water production capacities of these systems are utilized, 
the cost per unit volume of water is greatly reduced.

CONCLUSION AND 
RECOMMENDATION

Arsenic contamination of groundwater is an alarming problem 
on a global scale. In several parts of the world, biogeochemical 
processes have resulted in the dissolution of naturally 
occurring As into groundwater. To combat the problem, 
various remediation methods and technologies for removal 
of As in several areas of the Southeast Asian countries have 
been critically reviewed. Most of the existing technologies 
for the removal of As involve the direct removal of AsV or 

converting AsIII to AsV followed by removal of AsV. The 
implementation of mitigation options can be facilitated by 
setting proper guidelines and to control implementation at 
appropriate intervals. Modifications based on pilot-scale 
implementation of the technologies are in progress with the 
following objectives:
•	 Improving efficiency of arsenic removal.
•	 Reducing capital and operation cost of the systems.
•	 Making the technology user-friendly.
•	 Overcoming maintenance problems.
•	 Resolving sludge and arsenic concentrates management 

problems.

The technologies are site specific, and there are various 
considerations for selection of a particular technology in any 
given locality. Some of the important considerations for the 
development of sustainable water supply options for purposes 
of arsenic mitigation are as follows:
•	 The profile of the beneficiaries and settlement pattern.
•	 Present water supply system and level of arsenic in the 

drinking water.
•	 Possible alternative sources of water for water supply.
•	 Relative risk and cost of development of water supply 

system.
•	 The level of technical and managerial capacity building 

needed.
•	 Affordability and willingness to pay.

Table 1: Cost of water supply options for arsenic mitigation
Technology Tech 

life (years)
Annualized capital 

recovery (US$) a

Operation and 
maintenance 

cost/year (US$)

Water 
output (m3)

Unit 
cost (US$/m3)

Arsenic treatment (households) based on
Coagulation‑filtration 3 3 25 16.4 1.70
Iron‑coated sand/brick 
dust

6 0.9 11 16.4 0.73

Iron filings 5 3 1 16.4 0.24
Synthetic media 5 1.2 29 16.4 1.84
Activated alumina 4 3.2 36 16.4 2.39

Arsenic treatment (community) based on
Coagulation‑filtration 10 44 250 246 1.21
Granulated ferric 
hydroxide/oxide

10–15 500–600 450–500 820–900 1.20

Activated alumina 10–15 30–125 500–520 164–200 3.20
Ion exchange 10 50 35 25 3.40
Reverse osmosis 10 440 780 328 3.72
As‑Fe removal (air 
oxidation‑filtration)

20 32,000 7,500 730,000 0.054

aThe capital recovery/amortization factor has been calculated using the formula: 
( )

(1 i)NCRF
{ 1 i N 1) / I}

+
=

+ −
 Where CFC=Capital recover/

amortization factor i=interest rate, N=number of years (lifetime of the technology)
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Governmental and donor-based financial and logistic assistance 
may be essential to reduce arsenicosis. Besides, extensive 
research should address the understanding of the occurrence, 
origin, and distribution pattern of arsenic. We sincerely hope 
that this paper will be of considerable interest to the readers. 
The paper reflects the latest state of the art on understanding 
of various interdisciplinary facets of the problem of arsenic 
in environmental realm, mechanisms of mobilization in 
groundwater, biogeochemical interactions, and the measure 
for remediation.

REFERENCES

1.	 Smedley PL, Kinniburgh DG. A review of the source, behaviour 
and distribution of arsenic in natural waters. Appl Geochem 
2002;17:517-68.

2.	 Bhattacharya P, Jacks G, Ahmed KM, Routh J, Khan AA. Arsenic 
in groundwater of the Bengal delta plain aquifers in Bangladesh. 
Bull Environ Contam Toxicol 2002;69:538-45.

3.	 Bhattacharya P, Chatterjee D, Jacks G. Occurrence of arsenic-
contaminated groundwater in alluvial aquifers from delta plains, 
eastern India: Options for safe drinking water supply. Int J Water 
Resour Dev 1997;13:79-92.

4.	 Bhattacharya P, Welch AH, Stollenwerk KG, McLaughlin MJ, 
Bundschuh J, Panaullah G. Arsenic in the environment: Biology 
and chemistry. Sci Total Environ 2007;379:109-20.

5.	 Bundschuh J, Garcia ME, Birke P, Cumbal LH, Bhattacharya P, 
Matschullat J. Occurrence, health effects and remediation of 
arsenic in groundwater’s of Latin America. In: Bhattacharya J, 
Matschullat AB, Armientan MA, Moreno López MV, Lopez DL, 
Jean JS, et al, editors. Natural Arsenic in Groundwater’s of Latin 
America. London, UK: Taylor & Francis; 2009. p. 3-15.

6.	 Bhattacharya P, Hossain M, Rahman SN. Temporal and seasonal 
variability of arsenic in drinking water wells in Matlab, south-
eastern Bangladesh: A preliminary evaluation on the basis of a 
4 year study. J Environ Sci Health 2011;46:1177-84.

7.	 Ravenscroft P, Brammer H, Richards K. Arsenic Pollution: 
A Global Synthesis. West Sussex, UK: John Wiley & Sons; 2009.

8.	 Ahmed MF. Arsenic Mitigation Technologies in South and 
East Asia. In: Towards a More Effective Operational Response, 
Technical Report No.  31303, Water and Sanitation Program-
South Asia and the World Bank 2005;2:166-207.

9.	 Shankar S, Shanker U, Shikha U. Arsenic contamination of 
groundwater: A review of sources, prevalence, health risks, and 
strategies for mitigation. Sci World J 2014;2014:1-18.

10.	 Smith AH, Lingas EO, Rahman M. Contamination of drinking 
water by arsenic in Bangladesh: A public health emergency. Bull 
World Health Organ 2000;2000:1093-103.

11.	 Safiuddin M, Karim MM. Groundwater Arsenic Contamination 
in Bangladesh: Causes, Effects and Remediation. Proceedings 
of the 1st  IEB International Conference and 7th Annual Paper 
Meet, November 2001. Chittagong: Bangladesh Institution of 
Engineers; 2001. p. 2-3.

12.	 Petrick JS, Ayala-Fierro F, Cullen WR, Carter DE, Aposhian HV. 
“Monomethylarsonous acid (MMAIII) is more toxic than 
arsenite in change human hepatocytes. Toxicol Appl Pharmacol 
2000;163:203-7.

13.	 Kinniburgh DG, Smedley PL, editors. Arsenic Contamination of 
Groundwater in Bangladesh. Technical Report WC/00/19 2001 
(British Geological Survey and Department of Public Health 
Engineering: Key Worth, UK); 2001.

14.	 WHO. Guidelines for Drinking-Water Quality. Vol.  4. World 
Health Organization (WHO); 2011. p. 4.

15.	 USEPA. Drinking Water Contaminants – Standards and 
Regulations; 2013. Available from: http://water.epa.gov/
lawsregs/rulesregs/sdwa/arsenic/index.cfm.

16.	 Santra SC, Samal AC, Bhattacharya P, Banerjee S, Biswas A, 
Majumdar J. Arsenic in food chain and community health risk: 
A study in genetic west Bengal. Proc Environ Sci 2013;18:2-13.

17.	 Rai A, Tripathi P, Dwivedi S. Arsenic tolerances in rice (Oryza 
sativa) have a predominant role in transcriptional regulation 
of a set of genes including sulphur assimilation pathway and 
antioxidant system. Chemosphere 2011;82:986-95.

18.	 Nahar N, Hossain F, Hossain MD. Health and socioeconomic 
ettects of groundwater arsenic contamination in rural Bangladesh: 
New evidence from field surveys. J Environ Health 2008;70:42.

19.	 Barkat A, Hussam A. Provisioning of arsenic-free water in 
Bangladesh: A  human rights challenge, In: Engineering, 
Social Justice, and Sustainable Community Development. 
Washington, DC: The National Academy of Engineering (NAE) 
Centre for Engineering, and Society; 2008. p. 1-12.

20.	 Das D, Samanta G, Mandal BK, Chowdhury TR, Chanda CR, 
Chowdhury PP, et al. Arsenic in groundwater in six districts of 
West Bengal, India. Environ Geochem Health 1996;18:5.

21.	 Meharg AA. Venomous Earth: How Arsenic Caused the World’s 
Worst Mass Poisoning. Houndmills, Basingstoke: Macmillan; 
2005. p. 224-5.

22.	 Harding-Barlow I. What is the Status of Arsenic as a Human 
Carcinogen? In Arsenic: Industrial, Biomedical, Environmental 
Perspectives. Proceedings of the Arsenic Symposium; 1981. 
p. 4-6.

23.	 Heikens A, editor Arsenic Contamination of Irrigation Water, 
Soil and Crops in Bangladesh: Risk Implications for Sustainable 
Agriculture and Food Safety in Asia. Bangkok: Food and 
Agricultural Organization of the United Nations, Regional Office 
for Asia and the Pacific; 2006.

24.	 Khan MA, Islam MR, Panaullah GM, Duxbury JM, Jahiruddin M, 
Loeppert RH. Accumulation of arsenic in soil and rice under 
wetland condition in Bangladesh. Plant Soil 2010;333:263.

25.	 Abedin MJ, Cotter-Howells J, Meharg AA. Arsenic uptake 
and accumulation in rice (Oryza sativa L.) irrigated with 
contaminated water. Plant Soil 2002;240:3.

26.	 Dittmar J, Voegelin A, Roberts LC, Hug SJ, Saha GC, Ali MA, 
et al. Arsenic accumulation in a paddy field in Bangladesh: 
Seasonal dynamics and trends over a three-year monitoring 
period. Environ Sci Technol 2010;44:2925.

27.	 Roberts LC, Hug SJ, Voegelin A, Dittmar J, Kretzschmar R, 
Wehrli B, et al. Arsenic dynamics in porewater of an 
intermittently irrigated paddy field in Bangladesh. Environ Sci 
Technol 2011;45:971.

28.	 Spanu A, Daga L, Orlandoni AM, Sanna G. The role of irrigation 
techniques in arsenic bioaccumulation in rice (Oryza sativa L.). 
Environ Sci Technol 2012;46:8333.

29.	 Abedin MJ, Cresser MS, Meharg AA, Feldmann J, Cotter-
Howells J. Arsenic accumulation and metabolism in rice (Oryza 
sativa L.). Environ Sci Technol 2002;36:962.



Rahman, et al.: Arsenic calamity of groundwater in Southeast Asian Countries

	 Available at www.aujst.com 53

30.	 Dittmar J, Voegelin A, Maurer F, Roberts LC, Hug SJ, Saha GC, 
et al. Arsenic in soil and irrigation water affects arsenic uptake by 
rice: Complementary insights from field and pot studies. Environ 
Sci Technol 2010;44:8842.

31.	 Marin AR, Masscheleyn PH, Patrick WH. The influence of 
chemical form and concentration of arsenic on rice growth and 
tissue arsenic concentration. Plant Soil 1992;139:175.

32.	 Geng CN, Zhu YG, Hu Y, Williams P, Meharg AA. Arsenate 
causes differential acute toxicity to two P-deprived genotypes 
of rice seedlings (Oryza sativa L.). Plant Soil 2006;279:297.

33.	 Khan MA, Stroud JL, Zhu YG, McGrath SP, Zhao FJ. Arsenic 
bioavailability to rice is elevated in Bangladeshi paddy soils. 
Environ Sci Technol 2010;44:8515.

34.	 Rahman MA, Rahman MM, Hasegawa H. Arsenic-induced 
straighthead: An impending threat to sustainable rice production 
in South and South-East Asia! Bull Environ Contam Toxicol 
2012;88:311.

35.	 Khan SI, Ahmed AK, Yunus M, Rahman M, Hore SK, Vahter M, 
et al. Arsenic and cadmium in food-chain in Bangladesh-an 
exploratory study. J Health Popul Nutr 2010;28:578.

36.	 Dey MM, Miah MN, Mustafi BA, Hossain M. Rice production 
constraints in Bangladesh: Implications for further research 
priorities. In: Evenson RE, Herdt RW, Hossain M, editors. Rice 
Research in Asia: Progress and Priorities. Manila, Philippines: 
CAB International, Wallingford, UK and International Rice 
Research Institute; 1996. p. 179-91.

37.	 Heijnen H. Criteria for selection of technologies for arsenic 
mitigation. In: Arsenic Contamination. Dhaka, Bangladesh: 
Bangladesh Perspective, ITN; 2003. p. 429-41.

38.	 Pierce ML, Moore CB. Adsorption of arsenite and arsenate on 
amorphous Iron hydroxide. Water Resour 1982;16:1247-53.

39.	 Edwards M. Chemistry of arsenic removal during coagulation 
and Fe-Mn oxidation. J Am Water Works Assoc 1994;86:64-78.

40.	  Wegelin M, Gechter D, Hug S, Mahmud A, Motaleb A. SORAS 
A Simple Arsenic Removal Process; 2000. Available from: http://
www.users.physics.harvard.edu~wilson/arsenic/remediation/
sodis/SORAS_Paper.html.

41.	  Young E. Cleaning up arsenic and old waste. New Sci 
1996;14:22.

42.	 BAMWSP-DFID-Water Aid (Bangladesh Arsenic Mitigation 
Water Supply Project, United  Kingdom Department for 
International Development, Water Aid Bangladesh). Rapid 
Assessment of Household Level Arsenic Removal Technologies, 
Phase-I and Phase-II. Final Report. W.S. Atkins International 
Limited.; 2001.

43.	 Ahmed MF, Rahaman MM. Water Supply and Sanitation - Low 
Income Urban Communities. Dhaka: International Training 
Network Centre, Bangladesh University of Engineering and 
Technology; 2000.

44.	 Manning B, Goldberg S. Modelling competitive adsorption of 
arsenate with phosphate and molybdate on oxide minerals. Soil 
Sci Soc Am J 1996;60:121-33.

45.	 Meng XG, Bang SB, Korfiatis GP. Effects of silicate, sulfate, 
and carbonate on arsenic removal by ferric chloride. Water Res 
2000;34:1255-61.

46.	 Meng XG, Korfiatis GP. Removal of arsenic from Bangladesh 
well water using household filtration system. In: Ahmed MF, 
Ali MA, Adeel Z, editors. Technologies for Arsenic Removal 
from Drinking Water. Geneva, Switzerland: Bangladesh 
University of Engineering and Technology and United Nations 
University; 2001. p. 130.

47.	 Ali MA, Badruzzaman AB, Jalil MA, Hossain MD, 
Hussainuzzaman MM, Badruzzaman M, et al. Development of 
low-cost technologies for removal of arsenic from groundwater. 
In: Ahmed MF, Ali MA, Adeel Z, editors. Technologies 
for Arsenic Removal from Drinking Water. Tokyo, Japan: 
Bangladesh University of Engineering and Technology and 
United Nations University; 2001. p. 99-120.

48.	 Ahmed MF, editor. Treatment of Arsenic Contaminated Water. 
Dhaka, Bangladesh: Arsenic Contamination: Bangladesh 
Perspective; 2003. p. 354-403.

49.	 Rahman MA. Contamination of drinking water by arsenic in 
South-East Asia: Causes, effects and remediation. In: Rahman 
MA, Yingthawornsuk T, Ramli MF, editors. Proceedings of 
the 7th International Conference on Agricultural, Chemical, 
Biological and Environmental Sciences, Kuala Lumpur, 
Malaysia; 2017. p. 121-124.

50.	 Communities International Training Network Centre. Bangladesh 
University of Engineering and Technology. Dhaka, Bangladesh: 
BUET; 2005.

51.	 Ahmed MF. Treatment of Arsenic Contaminated Water. Arsenic 
Contamination: Bangladesh Perspective. Dhaka, Bangladesh: 
ITN-Bangladesh; 2003. p. 354-403.

52.	 Pal BN. Granular ferric hydroxide for elimination of arsenic 
from drinking water. In: Ahmed MF, Ali MA, Adeel Z, editors. 
Technologies for Arsenic Removal from Drinking Water. Tokyo, 
Japan: Bangladesh University of Engineering and Technology 
and United Nations University; 2001. p. 59-68.

53.	 Dahi E, Liang Q. Arsenic Removal in Hand Pump Connected 
Iron Removal plants. In: Noakhali, Bangladesh. Paper Presented 
at the International Conference on Arsenic Pollution of Ground 
Water in Bangladesh: Causes, Effect and Remedies, Dhaka; 1998. 
p. 8-12.

54.	 Joshi A, Chaudhuri M. Removal of arsenic from groundwater by 
iron-oxide-coated sand. ASCE J Environ Eng 1996;122:769-71.

55.	 Ahmad J, Goldar BN, Misra S, Jakariya M. Willingness to Pay 
for Arsenic-Free, Safe Drinking Water in Bangladesh. The World 
Bank and Bangladesh Rural Advancement Committee; 2003.

This work is licensed under a Creative Commons Attribution Non-Commercial 4.0 
International License. 


