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Abstract 

Arsenic poisoning due to contaminated groundwater in Bangladesh was first discovered 

in 1993.  Over 90% of the people in Bangladesh rely on groundwater as their major 

source of drinking water which has caused roughly 33 million people to be exposed to 

elevated arsenic concentrations.  Current efforts by non-government organizations 

involve the implementation of a variety of arsenic removal technologies to help provide 

the people of Bangladesh with a clean and safe source of drinking water.  As the arsenic-

contaminated groundwater does not occur in a predictable pattern, one technology cannot 

be applied as a best fit.  Using existing literature, a matrix has been developed that rates 

existing technologies based on a variety of parameters that are deemed vital both in the 

operational efficiency and environmental considerations in the implementation of the 

technology.  It is unlikely that one technology will be a satisfactory solution for every 

case and all will suffer from various limitations.  From these limitations, it might be easy 

to determine which technology can be applied to a given region based on the water 

chemistry, social issues and technological restrictions.  This general method may be used 

to select technologies that could be implemented to improve the quality of life of millions 

of people who live in a variety of other localities that also suffer from arsenic 

contaminated groundwater, such as Argentina and China. 
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1. Introduction  

The intent of this project is to assess the feasibility and efficiency of applicable 

treatment options that may be employed in Bangladesh and other countries struggling 

with arsenic contamination.  A general overview of Bangladesh will be provided; more 

specifically, the hydrogeology, geochemistry and aquifer systems will be described in 

order to gain an understanding and review the concentrations of the chemical constituents 

in the groundwater.  This will give insight into the optimum depth of a well that should 

be installed so that it provides safe drinking water. The general properties, occurrence, 

mechanism of release and health effects of arsenic will also be explained.  Current 

advances in arsenic field test kits, as well as laboratory methods, will also be discussed.   

A major focus of this report is to examine the applicability of treatment 

technologies specifically to the conditions in the developing country of Bangladesh.  The 

available technologies will be reviewed and a matrix has been established which will aid 

in the understanding of their applicability in a variety of geological and social settings.  

Social implications of these technologies will also be discussed with a particular 

emphasis on gender issues.  Lastly, the limitations of implementing such a large project 

will be discussed, focusing on monetary issues as well as future requirements.  The 

matrix is a rating scheme that is used to determine which technology would be most 

suitable based on a variety of parameters.  Five parameters are investigated: drinking 

water quality, life cycle of the technology, public acceptance, sustainable practices and 

ease of implementation of the technology.  Each parameter is broken up into 

subcategories, each requiring specific knowledge of the technology and Bangladesh.  The 

remainder of this report will establish a suitable background before the matrix is 

presented.   
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Arsenic-contaminated groundwater in Bangladesh has been an issue for over the 

past ten years.  In 1970, after Bangladesh achieved independence (which stimulated a 

huge increase in groundwater development (Ahmed et al., 1999)), the Department of 

Public Health and Engineering (DPHE) of the Government of Bangladesh (GoB), with 

the help of international aid organizations such as United Nations Children’s Fund 

(UNICEF) (Keast and Qian, 1999, Moinuddin, 2004, Opar et al., 2007), installed 

tubewells1 throughout most of the country to alleviate the large number of deaths from 

cholera, diarrhea, dysentery, typhoid, and other water-borne diseases due to faecal 

bacteria present in the surface water (Keast and Qian, 1999, Frisbie et al., 2002, 

Moinuddin, 2004, van Geen et al., 2005). After the installation of the wells, deaths due to 

water borne diseases declined rapidly, especially in children (Keast and Qian, 1999), and 

tubewells were looked upon as huge success.  A large majority of the rural population 

could afford tubewells and installation only took a couple of days at a cost of roughly 

US$40 (Caldwell et al., 2003a).  At this time approximately 8 to 12 million tubewells 

were installed which provided what was thought to be safe drinking water to 97% of the 

population of Bangladesh.  In 1978 arsenic contamination in well water was discovered 

in neighbouring West Bengal, India, and despite the similar geology and hydrogeology, 

the problem was not discovered in Bangladesh until 1993 (Acharyya et al., 2000, GoB, 

2002, Moinuddin, 2004).   

In recent years there has been an active effort in Bangladesh to test groundwater 

wells in order to quantify arsenic concentrations and determine if the wells provide safe 

drinking water.  The maximum concentration of arsenic considered safe in drinking water 

is 50 ppb (µg/L).  This guideline is set by Bangladesh, however, the United States 

Environmental Protection Agency (USEPA) and the World Health Organization (WHO) 

                                                           
1 Describes a borehole or water well in Bangladesh, the most popular form is the hand tubewell 
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recommend that the maximum contamination level (MCL) be lowered to 10 ppb (WHO, 

2004).  This limit was adopted based on arsenic detection limits achieved in most 

laboratories (which is on average 10 ppb); however, human health risk analyses indicate 

it should actually be set much lower at 0.17 ppb (Frisbie et al., 2002).  For the remainder 

of the report, any arsenic concentrations above the Bangladesh guideline of 50 ppb will 

be considered arsenic-contaminated.  Most developing countries have not adopted the 

lower limit over confusion of what limit to use, analytical constraints and compliance 

concerns (Smedley, 2003).  However, compliance is not of great concern in Bangladesh; 

the range of arsenic concentrations has been reported to be less than 0.5 ppb (Smedley 

and Kinniburgh, 2002, Smedley, 2003) to as great as 2300-3200 ppb (Smedley and 

Kinniburgh, 2002, Smedley, 2003, Plant et al., 2005).  Worry over compliance and 

analytical issues verify their insignificance when the degree of contamination is as vast.   

 Arsenic field kits are currently being used to semi-quantitatively determine the 

arsenic concentration of water from each tubewell.  If groundwater from a well is found 

to be above 50 ppb the well is painted red, if below, the well is painted green.  In the last 

few years, the accuracy of these field kits, (which will be described in further detail later), 

has been debated, and if the kits used to measure arsenic are unreliable, many wells may 

have been incorrectly labelled (Erickson, 2002).  Unfortunately research is lacking 

regarding arsenic removal technologies and as a result not much is known concerning 

health effects, field tests and arsenic mitigation (Keast and Qian, 1999).    

 Bangladesh, as a developing country, suffers from a lack of monetary resources to 

provide contaminated villages with treatment plants to alleviate this problem, thus outside 

resources are necessary.  Organizations that are currently involved and subsidise this 

initiative are the UNICEF (Keast and Qian, 1999), United Nations Development Program 

(UNDP) (Moinuddin, 2004), the World Bank, the WHO, and others (Erickson, 2002, van 
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Geen et al., 2005).  Their monetary donations provide the Bangladesh Arsenic Mitigation 

and Water Supply Project (BAMWSP) among other active non-government organizations 

(NGOs) with the funds necessary to test tubewells using arsenic field tests as well as 

support the implementation of removal technologies in villages and households.   

 

2. Bangladesh 

Bangladesh is located in southeast Asia and contains one of the largest delta 

plains in the world.  It is bordered by India, Burma and the Bay of Bengal.  The 

population of Bangladesh is upwards of 147 million (July 2006 est.) and it is just less 

than 144 000 square kilometres (CIA, 2007).  To put this into perspective, Canada is 69 

times the size of Bangladesh.  It has one of the highest population densities in the world 

at 1019 people per square kilometre.  Its main crop is rice, most of which is exported.  

Jute2, garments, shellfish, tea and leather are also major exports (Frisbie et al., 2002).  

Irrigation systems allow a second crop (the first crop occurs during the rainy season 

which lasts from June to September-October) of rice, wheat and vegetables; however, this 

season only lasts from November to February-April (Frisbie et al., 2002, Kinniburgh et 

al., 2003).  Bangladesh is a very poor developing country; its gross domestic product 

(GDP) in international dollars3 was $2,200 in 2006 (CIA, 2007).   

 Over 80% of Bangladesh is flat (Islam and Uddin, 2002) and it has three main 

river systems that all meet and form the Bengal Delta (Anawar et al., 2003).  These are 

the Ganges, Brahmaputra-Jamuna and Meghna Rivers, all of which have a dense 

arrangement of tributaries.  Much of the country is located within the lower reaches of the 

Ganga-Meghna-Brahmaputra river system, and the majority sits just 12 metres above sea 

level (Frisbie et al., 2002).  During the last glacial maximum (18,000 years ago), sea level 

                                                           
2 Strong natural fibre used in carpet and sacking industries 
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was low and iron-rich alluvial sediments were oxidized, giving them their red and brown 

colouring that is now predominate in Bangladesh (Nickson et al., 2000).  Flooding is 

major concern in Bangladesh as a result of the number of rivers; “there are few areas that 

are not liable to serious flooding once every two or three years” (Rashid, 1978).  

Bangladesh is also highly affected by tides; spring tides4 can vary from 2.1 to 5.5 metres, 

while neap tides5 can vary from 1.2 to 4.6 metres.  The country has a long monsoon 

season, which leaves one third of the country flooded for a portion of the year (Rashid, 

1978).  Bangladesh is divided into 6 divisions and 64 districts (see Figure 1 and 2), 61 of 

which contain arsenic concentrations above the guideline of 50 ppb (GoB, 2002, Islam 

and Uddin, 2002, Moinuddin, 2004).   

 The DPHE is responsible for the water supply in rural and urban areas in of 

Bangladesh (Haq, 2006).  Their main responsibility lies in the installation, operation and 

maintenance of the water supply (GoB, 1998).  In the major city centres, like Dhaka and 

Chittagong, the Water Supply and Sewerage Authority (WASA) provides a piped water 

supply (GoB, 1998, Haq, 2006) to the major cities for a cost.  Presently, there are 237 

municipalities in Bangladesh and the DPHE has developed, either partially or fully, a 

piped water supply in 101 of them (Haq, 2006).  Those municipalities that do not receive 

a piped water supply are supplemented by tubewells which are free to use.  Community 

members and families can install their own tubewells if they can afford it.  Tubewells are 

predominately installed into the shallow arsenic-contaminated aquifer because deeper 

wells are more expensive.    

2.1 Physiography and Geology 
Bangladesh is divided into geophysiographical regions, each of which has unique 

                                                                                                                                                                             
3 Hypothetical unit of currency that has the same purchasing power that the U.S. dollar has 
4 Tides in which the gravitational effect of the sun and moon combine 
5 Tides in which the gravitational effect of the sun and moon cancel 



 8

characteristics.  The major subdivisions are Himalayan Piedmont Plain, Tista Flood Plain, 

Barind Tract, Atrai Flood Plain (Bhar Basin), Ganges Flood Plain, Brahmaputra-Jamuna 

Flood Plain, Old Brahmaputra Flood Plain, Meghalaya Foothills (Susang Hills and 

Piedmont), Madhupur Tract, Haor Basin (Sylhet Depression), Meghna Flood Plain, 

Tippera Surface, Ganges Delta (Moribund6, Immature, Mature and Active), Coastal 

Plains and Chittagong Hill Tracts (see Figure 3) (Reimann, 1993, Islam and Uddin, 

2002).  A brief overview of each of these divisions will be provided in Appendix I in 

order for the reader to understand the geologic setting that has produced select arsenic-

contaminated zones.  This is important in order to justify the mechanism of release as 

well as the occurrence of arsenic in such high concentrations.  This is directly related to 

the reduction-oxidation states of the sediments, which is linked to their depositional 

history.    

2.2 Groundwater  
Bangladesh is divided into fifteen hydrogeological zones and each “have different 

potentialities for the development of groundwater” (Islam and Uddin, 2002). Ca-HCO3 

and Ca-Mg-HCO3 groundwater types are common, however, Ca-Na-HCO3 and Na-Cl 

types are also located in some regions of Bangladesh (Ahmed et al., 2004).  

Hydrogeochemical data reveals that the deep aquifer contains Na-Ca-Mg-Cl-HCO3 type 

groundwater while the shallow aquifer contains Na-Cl-HCO3 type groundwater; it is the 

shallow bicarbonate-rich aquifer that contains high concentrations of arsenic (Aggarwal 

et al., 2000).  For the sake of brevity, the four major zones are discussed below.  The 

aquifers that occur in these zones are usually divided into three groups.  These are 

commonly referred to as the upper, main and deep aquifer.  These will be described in 

more detail in the aquifer systems section. 

                                                           
6 Not progressing or advancing; stagnant 
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2.2.1 Hydrogeology 

 The water table occurs at depths from 3 to 6 metres below surface level, however; 

during the monsoon season, it can rise to ground surface metres (Reimann, 1993).  The 

hydrogeologic areas of Bangladesh are divided into four sections that correspond with the 

principle geological features.  Area I includes recent alluvial beds, consisting of flood 

plain deposits, piedmont plains and haor basins, and is the largest of the areas (Reimann, 

1993, BGS, DFID and GoB, 2001).  Water in this region is generally shallow due to the 

nature of the sediments and is contaminated with arsenic.  The sediments are 

unconsolidated sand deposits and can be up to 100 metres thick.  This region has high 

recharge rates due to the permeable surface and the aquifer is generally unconfined7 

(Reimann, 1993.).  This is reiterated by the oxygen isotope values, which range from       

-3.5‰ to -5.5‰.  This reflects constant recharge from highly oxygenated sources such as 

rainwater and floodwaters (Aggarwal et al., 2000).  Some sections, however, are 

characterized by fine-grained silt and clay; the presence and thickness mean they have a 

lower permeability and reduce infiltration rates (Reimann, 1993).   

 Water in this region contains high levels of iron (Reimann, 1993).  Area II 

contains complex geology and is characterized by folded surface and sub-surface rocks 

that are Tertiary to Pleistocene in age, like those in the Chittagong Hill Tracts and the 

Sylhet Hills (Reimann, 1993).  It is often grouped with area I as it is also arsenic-

contaminated and shallow (Aggarwal et al., 2000).  Oxygen isotope values are slightly 

lower at -7‰, which may indicate water replenishment from river water.  Salinity is also 

high, however, this is due to soil leaching rather than seawater intrusion (Aggarwal et al., 

2000).   

 Area III consists of older clay terraces, like those of the Barind and Madhupur 

                                                           
7 Groundwater that had a free water table; it is not confined under pressure 



 10

Tract as well as the clays from the Tripura Hills.  The nearly impermeable clay can 

extend to great depths, 265 metres, and because of this, the area is not suitable for 

groundwater development (Reimann, 1993).  Groundwater extraction can only occur in 

those areas where the thickness of the clay layer is reduced, which is the case for Dhaka 

(Reimann, 1993).  Oxygen isotopic values in this area are -6‰ and it contains older 

waters that were recharged during sediment deposition that makes sense based on clay 

content (Aggarwal et al., 2000).   

 Lastly, Area IV consists of the coastal region of Bangladesh; as this region’s 

elevation is approximately at sea level, the groundwater is highly variable.  Oxygen 

isotope values are found to be -3‰ indicating the area was recharged during the last 

glacial maximum (Aggarwal et al., 2000).  Two main aquifers occupy this region.  The 

deep aquifer occurs at depths ranging from 238 to 328 metres and can be up to 32 metres 

thick; this aquifer produces water of good quality and has hydraulically connected 

stratigraphic layers (Reimann, 1993).  This aquifer is protected from saltwater intrusion 

by a thick clay layer (65 to 160 metres thick) (Reimann, 1993) and is not contaminated 

with arsenic.  The second aquifer exists above this clay layer and consists of sand lenses 

interbedded with silt and clay.  The clay beds are not continuous; the aquifer is not 

protected from saltwater intrusion and is hydraulically connected to the rivers (Reimann, 

1993.). 

2.2.2 Aquifer Systems 

 A large majority of the lower tracts8 of Bangladesh are comprised of Quaternary 

sediments deposited from the Ganges-Meghna-Brahmaputra Rivers and their tributaries 

(Reimann, 1993).  Underneath these sediments lay the alluvial aquifers that are some of 

the most productive aquifers in the world (Ravenscroft et al., 2004).  It is the hilly areas 
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of the Barind Tract and Madhupur Tract sands that contain these aquifers, which are 

recharged by rainwater and floodwater.  Since a large majority of surface waters are 

contaminated with bacterial populations, aquifer contamination results.  The main 

discharge mechanism is through pumping of tubewells for drinking water and irrigation 

purposes.  Land subsidence can also result from continued extraction of the groundwater, 

especially during the dry season. 

 There are currently three aquifers that have been identified in Bangladesh: an 

upper aquifer (composite aquifer), a main aquifer, and a deep aquifer (BGS, DFID and 

GoB, 2001) that is separated from the main aquifer by a clay layer of varying thickness.  

The upper and main aquifers are highly contaminated with arsenic throughout most of 

Bangladesh (Islam and Uddin, 2002).  Because deeper wells are more expensive to 

install, most wells are drawn from the surface aquifer.  The majority of Bangladeshis do 

not have the monetary resources to install deep wells.  Most wells that are installed into 

the deep aquifer (150-200 metres deep) contain arsenic concentrations below 50 ppb and 

often even less than 0.5 ppb (Mukherjee and Bhattacharya, 2001, Smedley and 

Kinniburgh, 2002).  However, arsenic could infiltrate into this aquifer if increased 

pressure (or use) is applied.  With time, the deep aquifer could become contaminated as 

more water is extracted.  Contamination could occur as a cone of depression is formed 

due to the intense extraction of water, which often results in the lowering of the water 

table in the immediate region in an unconfined aquifer.  This allows water from the 

aquifer above to leak in.  The upper aquifer is also unusual in that not all wells located in 

this aquifer contain arsenic-contaminated water (OCETA, 2001, van Geen et al., 2003).  

Even wells located at the same depth no more than 100 kilometres from each other have 

yielded differing results.  Testing wells is therefore mandatory as arsenic-free wells may 

                                                                                                                                                                             
8 An area of land bounded by features as described for blocks, or by municipal or county boundaries 
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become contaminated as use continues.  

 The two main aquifer parameters that predict the functionality of the aquifer for 

groundwater extraction are hydraulic conductivity and transmissivity.  The hydraulic 

conductivity measures the rate at which a given permeable substance (e.g., sand, clay) 

allows water to flow through it and transmissivity is a measure of the rate of horizontal 

movement of water in an aquifer under the hydraulic conductivity of 1 (Fetter, 2001).  

The main aquifer transmissivity is good to excellent throughout most of the country (100 

to 6000 square metres per day), and hydraulic conductivities range from 5 to 200 metres 

per day (Hossain, 2003).  This indicates that this aquifer in Bangladesh is of good quality 

for well water exploitation (Freeze and Cherry, 1979).  Appendix II describes each of the 

3 aquifers in more detail. 

2.2.3 Geochemistry 

Arsenic-contaminated water, more specifically groundwater in Bangladesh, has a 

neutral or slightly basic pH (6.5 to 7.6).  Although arsenic concentrations have been a 

concern for some time, there are unfortunately other species that are also above drinking 

water guidelines.  The major cations present in Bangladesh are iron (Fe), magnesium 

(Mg), phosphates (PO4
2-), calcium (Ca), sodium (Na), and potassium (K).  Bangladesh 

groundwater contains high iron over the majority of the country (greater than 0.2 ppm) 

(Mukherjee and Bhattacharya, 2001, Smedley and Kinniburgh, 2002, OCETA, 2001).  Fe 

concentrations tend to be higher in the south, northeast and along the Jamuna Flood Plain 

(range from 1 to 5 ppm).  Mg concentrations are also low (less than 0.5 ppm) in the north 

and tend to be high in the south ranging from 15-30 ppm (Mukherjee and Bhattacharya, 

2001, Smedley and Kinniburgh, 2002, OCETA, 2002).  Concentrations range from 7-15 

ppm in the Haor Basin, Old Brahmaputra Flood Plain and the Jamuna Flood Plain 

(OCETA, 2001).  PO4
2- can occur at high concentrations (greater than 0.5 ppm) along the 
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Jamuna Flood Plain, and are low along the northern parts of the Ganges Delta and the Old 

Brahmaputra Flood Plain (Mukherjee and Bhattacharya, 2001, Smedley and Kinniburgh, 

2002, OCETA, 2001).  Ca concentrations tend to high (80 ppm) in south Bangladesh and 

north of the Ganges River; they range from 30-80 ppm in the Haor Basin and near the 

Meghna Flood Plain, and between 15 and 30 ppm in the Brahmaputra Flood Plain 

(OCETA, 2001).  Ca concentrations are low in the north, near the Tista Fan and are less 

than 15 ppm (OCETA, 2001).  Na is high in the south west and east of Bangladesh and is 

usually greater than 70 ppm.  The Haor Basin and Old Brahmaputra Flood Plain regions 

also contain these high concentrations.  Along the Ganges Flood Plain, concentrations 

range from 25-70 ppm (OCETA, 2001).  K is high (greater than 4 ppm) in south 

Bangladesh and low near the Old Brahmaputra Flood Plain, Haor Basin and Tista Fan. 

Concentrations range from 2-4 ppm in the western portion of the Ganges and Jamuna 

Flood Plain (OCETA, 2001).   

 Major anions in Bangladesh are bicarbonate (HCO3
-), chloride (Cl-), sulphate 

(SO4
2-), nitrate (NO3

-), and fluoride (F-).  HCO3
- is a dominant anion in Bangladesh 

groundwater and is prevalent throughout most of the country (greater than 500 ppm); 

exception is the south, which is heavily influenced by salt-water intrusion (Mukherjee 

and Bhattacharya, 2001, Smedley and Kinniburgh, 2002, OCETA, 2001).  Cl- is low (less 

than 60 ppm) in most parts of Bangladesh as the groundwater is predominately fresh.  

However, Cl- concentrations tend to be higher in the southern parts of Bangladesh 

(Mukherjee and Bhattacharya, 2001, Smedley and Kinniburgh, 2002, OCETA, 2001).  

SO4
2- concentrations are generally low (less than 1 ppm) throughout the country with 

sporadic high concentrations due to localized anthropogenic activities.  High 

concentrations are located in the northern parts of the Ganges Flood Plain, Jamuna Flood 

Plains and the Tista Fan (Mukherjee and Bhattacharya, 2001, Smedley and Kinniburgh, 
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2002, OCETA, 2001).  NO3
- concentrations are relatively high near the Tista Fan.  This is 

because groundwater in this region occurs under less reducing conditions and at times 

oxidizing conditions (OCETA, 2001).  Most other regions in Bangladesh contain low 

concentrations of NO3
- (less than 1 ppm) (Mukherjee and Bhattacharya, 2001, Smedley 

and Kinniburgh, 2002).  F- concentrations are also low and less than 1 ppm in most parts 

of Bangladesh (Mukherjee and Bhattacharya, 2001, Smedley and Kinniburgh, 2002).  

Oxygen and NO3
- are usually not present because they have been removed via reduction 

processes (McArthur et al., 2001).  A list of guidelines for these species in drinking water 

is adapted from the USEPA and the WHO and can be seen in Table 1.  

 Groundwater in Bangladesh aquifers is mildly oxidizing to moderate/strongly 

reducing as reflected in Eh values which range from +594 to –444 mV (Mukherjee and 

Bhattacharya, 2001).  In a study of the arsenic-contaminated aquifers in Bangladesh, 

Mukherjee and Bhattacharya (2001) plot Eh versus pH, a Pourbaix diagram, of water 

samples from Bangladesh.  The results can be seen in Figure 4 and show the two species 

of arsenic that are thermodynamically stable in Bangladesh.  This reiterates the presence 

of the uncharged arsenite and the anionic arsenate as the dominant arsenic species in 

Bangladeshi groundwater.   

 Research showing correlations between the aforementioned species and arsenic, 

pH and depth are very helpful as they reveal arsenic release mechanisms, however, this 

can be highly specific for a given region (Smedely and Kinniburgh, 2002).  For example, 

arsenic and total sulphur (S) are found to be poorly correlated (-0.08), which suggests that 

oxidation of arsenic-bearing pyrite is not the primary source of arsenic release; instead, 

reductive dissolution of iron oxyhydroxides is thought to release its sorbed arsenic load 

(this will be discussed in more detail in the mechanism of release section) (McArthur et 

al., 2001, Frisbie et al., 2002, Ahmed et al., 2004).  The study undertaken by Frisbie and 
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colleagues (2002) mapped out concentrations of 30 species, including arsenic, to 

determine the exposure assessment of arsenic and other toxic metals in Bangladesh’s 

drinking water.  This along with other geochemical studies will be discussed in Appendix 

III to determine if there are other worrisome species present in Bangladesh above 

drinking water guidelines.   

 Arsenic and depth of wells were also negatively correlated (-0.13), which shows 

arsenic concentrations generally decrease with depth (Frisbie et al., 2002).  Mukherjee 

and Bhattacharya (2001) have also shown that above 150 metres, arsenic concentrations 

are higher than the Bangladesh guideline (Bhattacharya et al., 2002).  Anawar et al. 

(2003) also found that arsenic concentrations were greater in the upper limits, at roughly 

41 meters depth, of the soil horizon (as seen in Figure 5).   

 

3. Arsenic 

Arsenic is the 33rd element in the periodic table and can exist in multiple valence 

states:  As5+ (AsV, arsenate), As3+ (AsIII, arsenite), As0 (elemental) and less commonly 

As3- (arsenide).  It occurs in the same group as nitrogen, phosphorus, antimony and 

bismuth.  Arsenate, due to its chemical similarity to inorganic phosphate, can readily 

substitute into biochemical reactions (Marcus, 2006); arsenic is also known to substitute 

into minerals from the apatite group (ex. hedyphane Pb3Ca2(AsO4)3Cl).  Arsenic, 

although known for its poisonous qualities, may be an essential element in animals, and 

possibly humans at ultratrace levels, although there is no definitive research to support 

this (Spallholz et al., 2004).  

3.1 Properties 
Classed as a metalloid9, arsenic can occur in inorganic and organic forms.  

                                                           
9 A chemical element which has both metal and non-metal properties 
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Common forms of organic arsenic are dimethylarsinic acid (DMA) and methylarsonic 

acid (MMA), both of which can exist as the trivalent (AsIII) and pentavalent (AsV) form.  

Common inorganic and organic forms are shown in Figure 6.  In groundwater, arsenic is 

usually inorganic, with the majority being present as arsenite and can be anywhere from 

67%-99% (Huang and Dasgupta, 1999, Ahmed et al., 2004, Zheng et al., 2004) to only 

25% of the total arsenic (Ahmed, 2001).  Typical ratios of arsenite to arsenate are 

dependent on presence of microorganisms, concentration of diffused oxygen from the 

atmosphere, and the occurrence of reduction-oxidation agents such as organic matter.  In 

strongly reducing aquifers, arsenite predominates (Smedley and Kinniburgh, 2002).   

 Depending on the reduction-oxidation and pH conditions, arsenic can exist in a 

variety of forms, as depicted in Figure 4.  Natural surface water conditions exist under 

oxidizing conditions within a pH of 6.76 to 10.  Under these conditions, arsenic exists as 

a divalent arsenate species.  Most groundwater, including Bangladesh’s, exists in mildly 

reducing conditions and within a pH range of 5 to 8.  Under these conditions, a variety of 

arsenic species can be present.  Most common species are monovalent and divalent 

arsenate species as well as the neutral arsenite species.  If sulphur is also present, arsenic-

sulphur species are also formed.   

3.2 Uses 
Arsenic trioxide (As2O3) is a common poison that has been used “as an efficient 

means of doing away with inconvenient spouses” (Francesconi, 2005).  It was commonly 

used as there is no indication of taste or odour, its appearance as a white powder was 

inconspicuous and the symptoms of acute poisoning were similar to cholera (Saha et al., 

1999).  Its use declined in the middle of the nineteenth century with the development of 

the Marsh test (Hindmarsh, 2000); a chemical reaction that proves arsenic is present 

through the formation of solid arsenic compounds following the addition of zinc (Zn), 
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and hydrogen sulphate (H2SO4).  The reaction occurs as follows: 

As2O3 + 6Zn + 6H2SO4  2AsH3 + 6ZnSO4 + 3H2O. 

The zinc reduces As2O3 to the oxidation state of –3 of the arsenic hydride (AsH3).  The 

arsine gas produced decomposes into arsenic and hydrogen when it is ignited.  A ceramic 

plate placed over the flame would confirm the presence of arsenic by producing a black-

silvery deposit.   

On the other hand, arsenic trioxide is used to treat acute promyelocytic leukemia 

(APL), a cancer that attacks bone marrow (Soignet et al., 1998).  Arsenic trioxide is also 

a common by-product of smelting processes, and is released in a variety of mine-related 

activities, most commonly the mining of sulphide minerals (arsenopyrite (FeAsS)).  

Potassium arsenite (KH2AsO4) or Fowler’s solution was also used as a drug to treat 

malaria, cholera and syphilis up until the late 1950’s when its use discontinued due to the 

ill effects of prolonged use.  Lead arsenate (both basic (Pb5OH(AsO4)3) and acidic 

(PbHAsO4) varieties) was used as a pesticide, insecticide and herbicide and is classed as a 

biocontrol agent10 (IPCS, 2001).  Arsenic is also used for timber treatment to preserve 

wood (copper arsenite) and is used in manufacturing of semiconductors (gallium 

arsenide). 

3.3 Health Effects 

3.3.1 Toxicology 

The lethal dose (LD) that will likely kill 50% of a given population is denoted 

LD50.  It is important to understand that rodent studies are the best comparison for human 

toxicological response.  In many cases, human populations are often too genetically 

diverse as endogenous and exogenous factors are often uncontrollable and unknown 

(such as health, age, and diet) (NRC, 2004).  The LD50 for oral administration of arsenic 
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in a rat was found to be 763 mg/kg, while intraperitoneal administration (into the 

abdominal cavity) was 13 mg/kg (ACS, 2004). The LD50 for arsenite administered to a rat 

was found to be 4.5 mg/kg, while arsenate toxicity occurred at 14-18 mg/kg (Yu, 2005).  

In general, arsenite is considered more toxic, with arsenate one order of magnitude less 

toxic; they are easily exchanged in a simple reduction-oxidation reaction.  In a study by 

Petrick and colleagues (2001), monomethylarsonous acid (MMAIII) and sodium arsenite 

(AsNaO2) was administered intraperitoneally to hamsters and LD50’s were found to be 

29.3 and 112.0 μmol/kg (3.6 and 14.5 mg/kg) respectively.  Arsenite is known to inhibit 

pyruvate dehydrogenase (PDH), which leads to the stoppage of the citric acid cycle.  This 

cycle is imperative to cell function as it interacts with the mitochondria to produce 

adenosine triphosphate (ATP).  MMAIII also creates this effect as it contains arsenic in the 

trivalent form (Petrick et al., 2001).  Methylation of arsenic was once thought to be a 

detoxification mechanism, however, this may not be the case.  Although methylation has 

been shown to promote excretion of arsenic, it also creates other seemly more toxic 

methylated arsenic species (Petrick et al., 2001).   

Frederick Challenger described the Challenger Mechanism in 1944.  The 

mechanism, as seen in Figure 7, describes the methylation of arsenic, a process that 

occurs readily in the body.  Following the loss of hydrogen from a hydroxyl group, a 

methyl group attaches to arsenic’s vacant electrons; the lone oxygen then becomes a 

ligand to that arsenic compound.  Next, another hydroxyl group is deprotonated, leaving 

the oxygen negatively charged.  A reduction step occurs with the loss of the ligand 

oxygen, and another methyl group becomes attached to the lone electrons on the arsenic 

allowing for the negatively charged oxygen to become a ligand.  Possible reductants 

include active metals such as hydrogen, hydrogen sulfide, and carbon.  This process 

                                                                                                                                                                             
10 One that has a profound biological ability to control pests and diseases  
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repeats with the final addition of a third methyl group which liberates the third ligand 

oxygen to create the final product of trimethylarsine (As(CH3)3) (Challenger, 1944). 

The toxicity of a given species is directly related to the rate at which it is removed 

from the body (Winship, 1984).  Thus, a species that is absorbed into the body and 

excreted slowly is deemed more toxic than one that remains unchanged and is excreted.  

As well, the method of toxicity depends on the chemical form of arsenic (Oremland and 

Stolz, 2003).  The toxicity of inorganic arsenic compounds is as follows in increasing 

order: arsenate, arsenite and arsine (hydrogen arsenide) (Winship, 1984, Hindmarsh, 

2000, Spallholz et al., 2004).  Organic arsenic species can also be of concern, however, 

they are often ingested in low amounts and are excreted rapidly and unchanged (Winship, 

1984).   

 Arsine is the most toxic form of arsenic (Buchet and Lauwerys, 1983).  Arsine 

binds to haemoglobin and as a result causes hemolysis (red blood cells can liberate their 

haemoglobin) (Graham et al., 1946, Fowler and Weissberg, 1974, Karim, 2002, Duker et 

al., 2005).  Arsine gas is usually formed in the presence of nascent hydrogen and arsenic, 

or when water comes into contact with metallic arsenide, such as sodium, cadmium, or 

nickel arsenide (Fowler and Weissberg, 1974).  However, unless these compounds are 

directly ingested, it is not likely that inorganic arsenic would transform into an arsenide 

or arsine in the body.   

 The toxicity of arsenic results from its interaction with sulfhydryl groups (thiol 

group -SH) of proteins and enzymes; it is also thought to increase reactive oxygen in the 

cell, which causes cell damage (Duker et al., 2005).  In vitro studies have shown that 

arsenic can interfere with DNA replication, DNA repair and cell division (Karim, 2000); 

arsenic is known to interfere with several essential enzymatic functions and transcription 

events (Duker et al., 2005.).  Arsenite, for example, is known to inhibit 200 enzymes in 
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the body due to its addition onto the sulfhydryl group.  It is also known that glycerol 

channels play a role in cellular uptake of arsenite (Dopp et al., 2005).  Arsenite is also a 

pro-oxidant11; it can react with thiols to cause oxidative stress (Spallholz et al., 2004), 

which inhibits glutathione (GSH) reductase (Duker et al., 2005).  Arsenite is lipid soluble 

and is easily transported through the skin; arsenate is water-soluble and is readily 

absorbed through mucous membranes (Winship, 1984).   

 Arsenate can be reduced in the body to arsenite via arsenate reductases (Dopp et 

al., 2005).  Microorganisms are able to take up arsenate by phosphate transporters; it is 

postulated that humans can take up arsenate in the same way (Dopp et al., 2005).  Due to 

arsenate’s similar structure to phosphate, it can substitute for phosphorus in the body; this 

can lead to the addition of arsenic in bone where it can remain for years (Ellenhorn and 

Barceloux, 1988, Duker et al., 2005).  Arsenate can uncouple mitrochondrial oxidative 

phosphorylation by competitively substituting for inorganic phosphate, preventing 

transfer of phosphate to ADP, which forms ATP, thus depleting the cell of its energy 

supply (Winship, 1984, Oremland and Stolz, 2003, Marcus, 2006).   

 A correlation between arsenic toxicity and malnutrition has been proposed 

(Frisbie et al., 2002).  The absences of essential nutrients like zinc and selenium have 

been discussed for magnifying arsenic toxicity.  As such, these elements are thought to be 

deficient in a majority of Bangladesh agricultural soils (Frisbie et al., 2002).  Due to the 

fluvial and monsoon environment present in Bangladesh, it is unlikely that these 

environmental conditions would be conducive to the presence of soluble selenium in the 

soil (Spallholz et al., 2004).  Selenium, along with other elements, would be flushed from 

heavy rains and frequent flooding.  In fact, in Jessore, Bangladesh (Figure 8), soil sample 

analysis show selenium is present in only low to very low amounts (0.018 to 0.134 μg 

                                                           
11 A substance that can produce oxygen by-products of metabolism that can cause damage to cells  
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Se/g of soil, average soils world wide are 0.100 to 2.00 μg Se/g) (Spallholz et al., 2004).   

 Inorganic arsenic species are readily methylated in vivo in humans (Mandal and 

Suzuki, 2002, Duker et al., 2005).  This occurs as arsenate is reduced to arsenite, which is 

then partly methylated.  At one time methylation of arsenite and arsenate was thought to 

be a detoxification process (Duker et al., 2005).  Methylation occurs in the liver where it 

is mediated by arsenic methyltransferase enzymes with S-adenosylmethionine as a 

methyl donor and sulfhydryl glutathione (GSH) as an essential co-factor (Mandal and 

Suzuki, 2002).  However, recent studies have shown that methylated arsenic compounds 

can often be more toxic then inorganic arsenic, such as the case with trivalent DMA, 

which was found to be the most membrane-permeable arsenic species (Dopp et al., 

2005).  In a study by Dopp et al. (2005), hamster ovary cells, which are often used to test 

genotoxicity, were used to test the effects of trivalent and pentavalent methylated and 

inorganic arsenic species.  The rate of uptake was found to be DMAIII >> AsIII > MMAIII 

> AsV >> MMAV, DMAV, TMAO (trimethylarsine oxide) (Dopp et al., 2005).  A similar 

cytotoxicity profile was noted in hepatic cells, where trivalent organic arsenic species 

were most cytotoxic, followed by inorganic arsenic compounds and then pentavalent 

organic arsenic species (Dopp et al., 2005).   

 There are a variety of health risks that result from exposure to arsenic through 

drinking water as “[it] is readily adsorbed from the gastrointestinal tract to the blood” 

(Anawar et al., 2002).  More specifically, soluble arsenic is absorbed via the 

gastrointestinal tract, where it then travels to the liver where it is partially methylated 

(Duker et al., 2005) and removed by the kidneys through urine as both inorganic and 

organic forms of trivalent and pentavalent arsenic (Buchet et al., 1981, Francesconi, 

2005).   
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3.3.2 Exposure 

It is thought that 35 to 77 million people in Bangladesh are at risk of drinking 

arsenic-contaminated water (Smith et al., 2000).  This range is rather large as it is hard to 

assess the full extent of exposure because many villages are remote and do not have 

access to medical care.  However, arsenic exposure can be easily assessed through the 

collection of hair, nail and urine samples, which are good indicators of the arsenic 

concentration as they record, in the case of hair and nail, the length of time the individual 

has been exposed (Anawar et al., 2002).  Hindmarsh (2000, 2002), however, has shown 

that this is extremely unreliable.  Hair can contain elevated arsenic levels due to washing 

with arsenic-contaminated water (Hindmarsh, 2000).  Also, the rate of arsenic absorption 

in hair is different from person to person (Hindmarsh, 2002).  Hair samples were also 

thought to show the date of exposure.  This is unreliable as the length of the hair shaft can 

be inconsistent; peaks and valleys within hair transects can indicate variable arsenic 

intake or could relate to intermittent dosing (Hindmarsh, 2002).  External contaminations 

from dust and washing need to be excluded from arsenic measurement, but this is not 

usually possible (Hindmarsh, 2002).   

 Arsenic-contaminated water is also used for cooking, cleaning and irrigation 

(Chakraborti et al., 2004).  In the study by Chakraborti and others (2004), rice and 

vegetables were collected and tested for arsenic content.  Arsenic concentrations were 

found to be 0.323 and 0.027 μg/g in rice (dry weight) and vegetables (wet weight) 

respectively; over 90% of arsenic was in the inorganic form (Chakraborti et al., 2004).  

Another study shows that rice cooked in arsenic-contaminated water retain, on average, 

64% of the arsenic present in the water, corresponding to 0.318 μg of arsenic/g of rice 

(initial arsenic content in rice was 0.172 μg/g) (Bae et al., 2002).  This is especially 

significant as Bangladesh residents rely on rice for a majority (roughly 70%) of their 
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caloric intake (Bae et al., 2002).  Although present, these concentrations of arsenic in rice 

are not worrisome; concentrations do not exceed the food hygiene concentration limit of 

1 mg of arsenic per kg of dry weight (Chakraborti et al., 2004).  Another study revealed 

that high arsenic content in foods, mainly rice, vegetables and fish, show a positive 

correlation to high arsenic concentrations in groundwater (Das et al., 2004).  Although 

increased arsenic exposure through consumption of arsenic-contaminated food will not be 

covered in detail, it is important to note the variety of arsenic exposure routes. 

3.3.3 Poisoning 

Arsenic poisoning can present itself in the form of keratosis, which is the 

hardening of the skin on the palms of the hands and the soles of the feet, as well as 

mottling of the chest (Chowdhury et al., 2000).  So far there is no evidence that proves 

cessation of drinking arsenic-contaminated water will reverse keratosis; however, 

research “suggests that mild to moderate [cases of] keratosis [can] improve” (Smith et al., 

2000).  Acute arsenic poisoning can result in abdominal pain, vomiting and diarrhea 

(Hindmarsh, 2000).  Arsenicosis, which tends to occur as a result of long term exposure 

(2-20 years), causes skin cancer, cancer of the bladder, kidney and lungs, blood disease of 

the legs and feet (resulting in gangrene (known as Blackfoot Disease)), reproductive 

disorders, and high blood pressure (Karim, 2000, Smith et al., 2000, Moinuddin, 2004).   

The median age in Bangladesh is 22 years (CIA, 2007).  In addition, the majority 

of the population was middle-aged when tubewells became a abundant source of drinking 

water (Caldwell et al., 2003b).  Therefore, the majority of the population have been 

drinking arsenic-contaminated drinking water for under 20 years.  This makes arsenic 

poisoning hard to assess, as the majority of the population does not have the telling skin 

lesions due to its long latency period.  In a health study by Smith and colleagues (2000), 

it was found that adults drank arsenic-contaminated water for up to 10 years before skin 
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lesions appeared; dermal lesions are the most common sign of chronic arsenic poisoning 

and usually occur within five years (Duker et al., 2005).  The skin, due to its high keratin 

content, is known to store arsenic; keratin contains sulfhydryl groups that bind arsenite 

(Duker et al., 2005).  The mechanism by which arsenic causes cancer is not well 

understood (Anawar et al., 2002).  The organs that are most often affected by arsenic are 

those that are involved with absorption, accumulation and excretion processes: the 

gastrointestinal tract, circulatory system, liver, kidneys, bladder, and skin (Smith et al., 

1992).  Cancer, when it occurs, tends to be prevalent in these organs.   

3.4 Occurrence 
Arsenic is the 20th most abundant trace element in the Earth’s crust (Cullen and 

Reimer, 1989, Hindmarsh, 2000, Ahmed, 2003, Duker et al., 2005).  Arsenic occurs 

naturally within sulphide minerals such as arsenopyrite, realgar (AsS), and orpiment 

(As2S3).  Arsenic is easily oxidized within the Earth’s crust to form these minerals 

(Bhattacharya et al., 2004).  As mentioned, arsenic occurs in both organic and inorganic 

forms.  As groundwater usually contains inorganic forms, it is arsenate and arsenite that 

will be discussed from here on in. 

 Arsenic is present above the 10 ppb guideline set by the WHO in groundwater in 

many countries, including West Bengal, India; Argentina (Driehaus and Aguirre, 2005); 

Taiwan; Ghana; New Zealand (Gregor, 2001); United States of America; and Nova 

Scotia, Canada, but particularly in countries located south of the Himalayas, such as 

Bangladesh, India and China (Mukherjee and Bhattacharya, 2001, UNICEF, 2004).  Of 

these, Bangladesh is by far the worst affected due to the number of people, 35 million, 

that are thought to be drinking arsenic-contaminated water above the limit of 50 ppb 

(Smedley, 2003).  In Bangladesh, the arsenic-rich regions are situated to the central, south 

and southeastern portions of the country, while the northern regions are relatively arsenic-
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free (as seen in Figure 9) (Ahmed et al., 2004).  The arsenic contamination is not 

associated with any anthropogenic activities, such as smelting processes (Ahmed et al., 

2004).  It is postulated that natural groundwater flushing will eventually remove the 

arsenic.  However, this will take thousands to tens of thousands of years due to the large, 

flat nature of the Bengal basin (Moinuddin, 2004).   

In Bangladesh, hand dug wells are commonly less than 5 metres deep and are thus 

unpolluted.  Wells that are at depths of 28 to 45 metres contain the highest percentage of 

wells that are contaminated (Figure 10) (McArthur et al., 2001).  Below 45 metres, the 

number of wells that are contaminated with arsenic above 50 ppb is reduced; however, 

risk remains high until below 150 metres (McArthur et al., 2001, Mukherjee and 

Bhattacharya, 2001).  Tests have shown that at depths below 200 metres, contamination 

ceases and is rare below 250 metres.  Provided that water usage remains minimal, these 

deep wells will remain arsenic-free (Moinuddin, 2004).  If large amounts of water are 

removed for irrigation purposes, drawdown12 occurs resulting in infiltration from the 

contaminated aquifer.  

 Arsenic-contaminated groundwater in Bangladesh originates from parent rock in 

the Himalayas and nearby highlands (Mukherjee and Bhattacharya, 2001, Smedley and 

Kinniburgh, 2002). “These include (i) Samthan Hill near Darjeeling,West Bengal, India, 

sulphide minerals with arsenic concentration as high as 7.5%; (ii) arsenic-bearing nickel 

ores at Singbhum in Bihar, India; (iii) pyrite and chalcopyrite occurring widely in the 

granites and granitoid rocks of the Chottonagpur and Shillong Hills, India; (iv) iron ore 

deposits in eastern India are a major source of arsenic from the upper to the lower Ganges 

Bengal basin; (v) Gondwana coal contains significant quantities of arsenic; (vi) volcanic 

terrain in Rajmahal (district Bihar), India; and (vii) the arc of the ultramafic suite of rocks 

                                                           
12 Lowering of a reservoir or a change in hydraulic head in an aquifer, typically due to pumping a well 
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occurring along the Indus Suture Zone” (Mukherjee and Bhattacharya, 2001). 

3.5 Mechanisms of Release 
There are many hypotheses that attempt to explain the mechanism of arsenic 

release.  The common mechanisms will be reviewed, listing those that are least credible 

first.  These are release of arsenic from the 1) degradation of pesticides and fertilizer, 2) 

competitive exchange of phosphate, 3) irrigation, 4) oxidation of pyrite, and 5) reductive 

dissolution of iron oxyhydroxides. 

3.5.1 Degradation of Pesticides and Fertilizers 

It has been reported that fertilizers and pesticides commonly used in Bangladesh 

contain high levels of arsenic (Anwar, 2004).  Triple super phosphate (TSP) used in 

Bangladesh is reported as containing 10-30 mg/kg of arsenic, while no standard for 

arsenic in fertilizer exists (Anwar, 2004).  Fertilizer is often applied 2-3 times a year and 

is often used for rice.  Rice cultivation requires water soaked soil allowing for a reducing 

environment to be present in the uppermost soil layer liberating arsenic into the 

groundwater (Anwar, 2004).  It is suggested that parts of Bangladesh show a correlation 

between arsenic concentration in groundwater and fertilizer/pesticide use 

(Khalequzzaman et al., 2005), there is no evidence to support this country-wide (Anawar 

et al., 2002).  Although, roughly 30% of the fertilizer applied to the soil in Bangladesh is 

removed due to water run-off (Khalequzzaman et al., 2005).  Common pesticides 

containing arsenic are arsenic trioxide, calcium arsenate (Ca3(AsO4)2), lead arsenate and 

copper arsenate (Cu3(AsO4)2.4H2O).  Although the use of these are banned in industrial 

countries, they can still be produced and exported (Anwar, 2004).   

3.5.2 Competitive Exchange of Phosphate  

 Arsenic release is also affiliated with the application of fertilizers containing 
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phosphorus.  It is postulated that the phosphorus percolates into the soil, where it 

undergoes competitive exchange with arsenic that is sorbed onto the surface of clay and 

hydrous ferric oxides replacing arsenic (Khalequzzaman et al., 2005), subsequently 

releasing arsenic into the groundwater (Acharyya et al., 2000).   As well, phosphorus 

distribution in groundwater indicates that those areas high in phosphorus are also high in 

arsenic (as in Figure 11), indicating this mechanism as a viable mechanism of arsenic 

release, but only on a localized scale (McArthur et al., 2001).     

3.5.3 Irrigation 

Arsenic release is thought to be triggered by the extraction of groundwater for 

irrigation purposes (Ahmed et al., 2004).  During the irrigation season, which often runs 

from January to March (but can be as long as November to April), the groundwater table 

can drop as much as 2.3 centimetres per day (Harvey et al., 2002).  Lowering of the 

groundwater triggers infiltration of water from the aquifer above as well as carbon-rich 

surface water.  This is thought to increase the mobilization of arsenic in groundwater 

(Harvey et al., 2002).  Infiltration of surface water can be problematic with regards to the 

arsenic-free deep aquifer; irrigation could cause water from arsenic-contaminated 

aquifers to enter.  Water extracted for irrigation purposes also introduces oxygen into the 

aquifer; it is thought that this induces oxidation of arsenic-bearing pyrite in the sediments, 

which releases arsenic into the groundwater (see below) (Moinuddin, 2004).   

3.5.4 Oxidation of Arsenic-bearing Pyrite 

 Arsenic is a reduction-oxidation sensitive element and is present as a result of the 

oxidation of arsenic-rich pyrite (FeS2-As) or arsenopyrite, which is accompanied by the 

release of iron and sulphate in the shallow aquifer (Anawar et al., 2002, Bhattacharya et 

al., 2002, Ahmed et al., 2004).  This results from the heavy extraction of groundwater 
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which forces air into the aquifer system (Nickson et al., 1998).  Organic matter is 

oxidized using iron oxyhydroxides as the electron donor (Bhattacharya et al., 2002).  This 

mechanism is thought to releases arsenic based on the following reaction: 

FeS2-As(s) + 7/2O2 + H2O  Fe2+ + 2SO4
2- + 2H+ + As(aq) 

(Khalequzzaman et al., 2005).  However, if pyrite were oxidized in this way, arsenic 

would remain sorbed onto the resulting iron oxyhydroxides formed (McArthur et al., 

2001, Anawar et al., 2003).  This is also represented by the reverse relationship 

commonly found in Bangladesh between sulphate and arsenic (Harvey et al., 2002).  This 

is seen in Figure 12 where arsenic concentration peak when sulphate concentrations are 

low (around 40 metres).  Arsenic contamination is also uncommon in hand-dug wells that 

are exposed to oxygen; these wells are expected to be the most contaminated as a result 

of pyrite oxidation (McArthur et al., 2001).  

3.5.5 Reduction of iron oxyhydroxides 

 The last theory is that arsenic contamination in Bangladesh is as a result of the 

reduction of iron oxyhydroxides which contain a sorbed arsenic load.  During the mid-

Holocene, a climatic maximum, fluctuating sea levels created an organic-rich layer 

corresponding to the creation of inland lagoons and swamps (Acharyya et al., 2000).  

These newly formed shallow pools encouraged primary productivity13 and formed thick 

peat mats which covered most of the low-lying regions of southern Bangladesh.  Arsenic 

is situated in this organic-rich layer sorbed onto iron oxyhydroxide coated sand grains 

deposited by fluvial action (Nickson et al., 2000, Ahmed et al., 2004, van Geen et al., 

2003).  Iron oxyhydroxides have a high affinity for both organic matter and arsenic 

(Anawar et al., 2003, van Geen et al., 2003).  Reduction is known to occur in these 

                                                           
13 The rate at which biomass is produced by organisms which synthesize complex organic substances from 
simple inorganic substrates 
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sediments due to the presence of dissolved sulphides pointing to the reduction of sulphate 

(Ahmed et al., 2004).  The release of arsenic is mediated by the microbial oxidation of 

organic carbon in the sediments (Nickson et al., 2000, Anawar et al., 2003); this 

simultaneously dissolves iron oxyhydroxides releasing ferrous iron (Fe2+) and sorbed 

arsenic into the groundwater.  This is evident in the reaction below:  

4FeOOH + CH2O + 7H2CO3  4Fe2+ + 8HCO3
- + 6H2O 

(Nickson et al., 2000, McArthur et al., 2001, Khalequzzaman et al., 2005).  It is not a 

coincidence then that these organic-rich regions have high arsenic concentrations of 300 

ppb or greater (Smith et al., 2000).   

 Arsenic contamination is present in the deltaic zone and near the Ganges-

Brahmaputra-Meghna River system (Anawar et al., 2002).  A geochemical analysis by 

Anawar et al. (2002) revealed silty sand, clayey silt, and peat soils that are rich in organic 

matter, oxide phases of iron and manganese, and iron sulphides; these same soils are also 

rich in arsenic.  Another study by Islam et al. (2004) demonstrated the addition of acetate, 

as an electron donor for metal reduction and a proxy for organic matter, influenced the 

rate of release of iron and arsenic.  Figure 13 shows that in aerobic conditions (graph a) 

and the control (autoclaved abiotic sediments with added acetate) (graph d) there is no 

release of arsenic or iron.  However, in anaerobic conditions (graph b), iron is oxidized 

releasing Fe2+ (amount determined to be negligible).  When acetate is added (graph c) it 

causes metal reduction to occur and arsenic to be released as iron oxyhydroxides are 

reduced to Fe2+ (Islam et al., 2004).  The same study used Bengali sediments to show 

reduction of iron and mobilization of arsenic is a result of metal reducing bacteria in 

anaerobic environments (Islam et al., 2004).  The study concludes the release of arsenic is 

dependent on the accessibility of electron donors in the sediment (Islam et al., 2004).  

This suggests the introduction of organic carbon into the sediments via increased 
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groundwater extraction could substantially increase the amount of arsenic release 

(Harvey et al., 2002, Islam et al., 2004).   

 

4. Analytical techniques 

 There are a variety of analytical devices that can be used to quantify the amount 

and speciation of arsenic in a water sample.  Some of the techniques that are used to test 

for arsenic are: Inductively Coupled Plasma–Mass Spectrometry (ICP-MS), ICP–Optical 

Emission Spectrometry (OES), Hydride Generation (HG) coupled to ICP-MS, Atomic 

Absorption Spectrometry (AAS), Anodic Stripping Voltammetry (ASV), Neutron 

Activation Analysis (NAA), and colorimetric techniques (Hung et al., 2004).  Of these 

ICP-MS, ICP-OES, and HG-AAS are recognized by the United States Environmental 

Protection Agency (USEPA) as approved methods of the determination of arsenic in 

water (Huang and Dasgupta, 1999, IRC, 2007).   

 This review will only report on those techniques that could be of use in 

Bangladesh based on the facilities currently available in the country, whether it is 

reported in literature or listed on the World Wide Web (Appendix IV).  These are HG-

AAS, ICP-MS, ICP-OES and SDDC.   

4.1 Hydride Generation-Atomic Absorption Spectrometry (HG-AAS) 
 Hydride generation is a popular method for the determination of arsenic and has 

been used over the last 100 years, such as in the Marsh reaction and the Gutzeit test 

(which will be described in detail under Arsenic Field Tests).  Both of these utilize a 

reaction that produces an arsenic hydride to confirm the presence of arsenic; this is 

exactly the case for HG.  AAS can be a useful technique because it measures wavelengths 

that are unique to every element.  These wavelengths correspond to the energy it takes a 

given element to advance an electron from its present energy level to one that is higher.   
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 AAS can be coupled with a variety of other methods to increase detection.  

Common methods for producing atoms are by flame or electrothermally heated graphite 

furnace (GF).  GF-AAS atomizes the sample rapidly with a constant stream of argon (Ar) 

gas and often requires a pre-concentration step in order to increase sensitivity (Hung et 

al., 2004).   Three steps are involved which changes the liquid sample into a gas: the 

liquid solvent is first evaporated, vaporized and then volatilized.  This process creates 

free atoms of arsenic which then absorb light from a hallow cathode lamp, influencing 

free atoms to transition to high energy levels.  The larger the absorption, the more free 

atoms of arsenic present.  The absorption can be compared with a calibration curve to 

determine the respective concentration of arsenic (RSC, 2007).    

 HG-AAS became a popular method because it is simple and relatively 

inexpensive (IPCS, 2001).  To couple HG with AAS optimum pH levels need to be 

identified.  Arsenite forms hydrides within an acidic to neutral pH range, whereas 

arsenate forms hydrides only at acidic pH.  The main disadvantage of HG for arsenic 

analysis is the interferences resulting from formation of other metal hydrides within the 

sample (Dedina and Tsalev, 1995).  Common reagents used in HG-AAS are sodium or 

potassium tetrahydroborate (NaBH4 or KBH4 respectively) (Hung et al., 2004).  The 

presence of excess unused BH4 in this technique is beneficial as it forms hydrogen gas 

(H2) that acts as a carrier gas for arsine (Kinniburgh and Kosmus, 2002).  Furthermore, 

no additional steps are required to convert arsenate to arsenite (Kinniburgh and Kosmus, 

2002).  Arsine is produced as follows:                

As(OH)3 + 3BH4
- + 3H+  AsH3 + 3BH3 + 3H2O 

BH3 + 3H2O  H3BO3 + 3H2 

(Hung et al., 2004).  These reagents can also be used for deferential determination of 

arsenite and arsenate (Hung et al., 2004).  Errors in arsenic determination via HG-AAS 
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with the use of NaBH4 as a reagent are because of the variation of the hydrides produced 

and there transported to the atomizer (IPCS, 2001).   

 There are two types of interferences in HG-AAS – spectral14 and nonspectral15.  

These can occur when there is an excess of another element in the sample that also forms 

hydrides and these are transferred to the atomizer.  Matrix interferences can also be 

present; inorganic interferences are most common. These can be strong oxidants, ions of 

transition and noble metals (Ni, Fe, Cu, Co, Ag, Au, Pd, Pt, Rh) (Dedina and Tsalev, 

1995).  Transition metal interferences can be eliminated with the addition of L-cysteine to 

the sample: this can also improve the response of arsine formed from MMA and DMA in 

the sample (IPCS, 2001).  HG-AAS for the determination and speciation of arsenic 

(although not essential in Bangladesh) is undoubtedly the most sensitive and competitive 

method at the microgram (μg) to picogram (pg) levels (IPCS, 2001, Kumaresan and 

Riyazuddin, 2001).  

4.2 Inductively Coupled Plasma (ICP) 
The ICP technique uses plasma to ionize a sample, where the sample is acidified 

and then introduced into the plasma.  Due to the high temperature of the plasma, all forms 

of arsenic in sample is atomized (Hung et al., 2004).  Therefore, the detection of arsenic 

does not vary with the presence of different compounds, and the sample does not have to 

be digested (unlike AAS methods) (Hung et al., 2004).  ICP is usually used in 

combination with other analytical methods such as Mass Spectrometry (MS) and Optical 

Emission Spectrometry (OES).   

4.2.1 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) 

ICP-MS is a widely used technique for the determination of arsenic (Hung et al., 

2004).  This technique offers high precision and low detection limits (IPCS, 2001).  
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However, it can exhibit isobaric16 interferences, mainly with argon chloride (ArCl+, mass 

75) because it has the same mass to charge ratio (m/z) as arsenic.  Perchloric acid and 

hydrochloric acid are not used in sample preparation for this reason; nitric acid is the 

most common substitute (Pande et al., 2001, IPAC, 2001).  In other cases, the ArCl+ 

interference can be corrected for by using standard field and laboratory procedures 

(Bednar et al., 2004).   

 ICP-MS can be combined with HG, which improves detection limits (Francesconi 

and Kuehnelt, 2004) and minimizes the chloride interference; only volatile hydrides are 

introduced into the argon and thus dissolved chloride does not enter the plasma (WCAS, 

2002).  ICP-MS is often coupled with HPLC when non-volatile species are involved, 

which is the case with arsenic, allowing for a speciation analysis (IPCS, 2001, Bednar et 

al., 2004, Hung et al., 2004).  If this method is coupled with a High Resolution (HR) 

instrument, the m/z for arsenic and ArCl+ can be separated (IPCS, 2001, Bednar et al., 

2004, Hung et al., 2004).   

4.2.2 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) 

ICP-OES or Atomic Emission Spectroscopy (AES) is usually used for comparison 

or when a sample contains more than one element (Hung et al., 2004).  ICP-OES 

technique excites electrons which emit energy at an element specific wavelength as they 

return to ground state.  ICP-OES detection limits usually range from sub-microgram to 

sub-nanogram (ng) levels (IPCS, 2001).  Although noted for its inferior detection limits 

and lower precession (over ICP-MS) (IPCS, 2001, Hung et al., 2004), this technique is 

very valuable for speciation techniques, especially when used in combination with HPLC 

(Chausseau et al., 2000).    

                                                                                                                                                                             
14 Due to radiation absorbed by species other than free atoms of the analyte 
15 Due to influence of sample constituents on the analyte signal 
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4.3 Colorimetric Methods 
Colorimetry, the science of measuring colour, is a useful method for the 

determination of the concentration of a given solution.  The method associates the 

intensity of colour of a solution to concentration.  The main technique that is applied to 

arsenic analysis is silver diethyldithiocarbamate (SDDC) method.   

4.3.1. Silver Diethyldithiocarbamate (SDDC) 

Silver diethyldithiocarbamate (SDDC) is a method that is used to determine 

arsenic in water ranging in concentration from 5 to 200 ppb.  If concentrations are above 

200 ppb, the sample needs to be diluted (USGS, 1989).  SDDC method operates by 

reducing arsenite to arsenate through the addition of potassium iodide (KI) and stannous 

chloride (SnCl2).  Arsenate is then converted to arsine by zinc (Zn) in hydrochloric acid 

(HCl); the mixture is then put through a scrubber of borosilicate17 wool soaked with lead 

acetate (Pb(C2H3O2)2) (USGS, 1989).  Next, the solution goes into a gas absorber 

containing SDDC dissolved in pyridine (C5H5N)18 resulting in a red complex that is 

photometrically measured at 535 nanometres (nm) (Anawar et al., 2002).  The intensity 

of the peak is then compared to a curve of arsenic standards that points to a specific 

concentration of arsenic (NAISU, 2002). 

 Like most methods, there are interferences that can affect the output concentration 

of arsenic.  One such interference is sulphides; however, if present in small 

concentrations, they are effectively removed in the scrubber (USGS, 1989).  Also, metals, 

mainly cobalt (Co), chromium (Cr), nickel (Ni), mercury (Hg), silver (Ag), platinum (Pt), 

copper (Cu) and molybdenum (Mo), can interfere with the evolution of arsine.  Lastly, if 

antimony salt concentrations are high, stibine (SbH3) may be produced which passes 

                                                                                                                                                                             
16 Meaning of the same weight 
17 Glass made of: 70% silica, 10% boric oxide, 8% sodium oxide, 8% potassium oxide, 1% calcium oxide 
18 A widely used versatile solvent that is polar and aprotic (cannot donate hydrogen bonds) 
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through the gas absorber affecting the final arsenic concentration (USGS, 1989).   

4.4 Challenges 
Although these methods are used throughout Bangladesh, there is some worry 

over consistency and reproducibility.  To test this an inter-laboratory study by Aggarwal 

et al. (2001) completed in association with the International Atomic Energy Agency 

(IAEA) sent 25 laboratories a set of 8 synthetic arsenic samples ranging in concentration 

from 0-500 ppb and 2 drinking water samples taken near Dhaka for analysis.  Only 17 of 

these laboratories (all located in Bangladesh) submitted results for comparison; less than 

one third of the laboratories produced results within 20% of the actual values (Aggarwal 

et al., 2001).  True values of each sample were obtained through the analysis of the 

samples at three IAEA laboratories (located in Monaco, Seibersdorf, Austria, and 

Rochester, New York).  “Results of this inter-laboratory comparison point to the lack of 

consistency in the analytical results that have been and are being obtained in Bangladesh” 

(Aggarwal et al., 2001). 

 

5. Arsenic Test Kits 

 A test kit is a simple method used to determine the presence or absence, or the 

semi-quantitative concentration of arsenic.  The main limitation to these tests is that the 

types of inorganic arsenic compounds present cannot be ascertained.  This, however, is 

not an issue in Bangladesh; the current aim of the World Bank, WHO, UNICEF and other 

international organizations is to test wells using arsenic test kits in order to assess the 

extent and concentration of contamination (Gorss, 2002).  The field test kits are 

advantageous as they are cheap, and easy to use; their use in Bangladesh will allow for a 

large number of tubewells to be tested to determine if groundwater is contaminated above 

the Bangladesh guideline for arsenic concentration in drinking water (Kamal and 
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Parkpian, 2002).   

 Non-government organizations (NGOs) are attempting to test all the wells, 

however, only 1.3 million have been tested so far (Rahman et al., 2002).  In the past the 

reliability of field test kits’ ability to measure arsenic contamination has been questioned, 

with inaccurate results occurring in the vital 50 – 100 ppb range (Rahman et al., 2002).  

Recent tests have been designed to overcome this downfall, and detection limits have 

been lowered.  The main limitation of field tests is that other reactions can occur in 

solution due to the presence of other species, which may mask the arsenic reaction (IRC, 

2007).  The tests are semi-quantitative and give no indication of the speciation of arsenic 

in the sample.  As well, “arsenic’s propensity to switch valency states means that arsenite 

is more likely to be indicated by test results, while the presence of arsenate may not be 

identified because it reacts more slowly” (IRC, 2007).   

 A majority of these tests are based on colorimetric methods, such as the Gutzeit 

method, which was developed over 100 years ago (Melamed, 2004).  The Gutzeit 

method, developed by German chemist Max Adolf Gutzeit, involves the addition of a 

strong acid, usually hydrochloric acid (HCl) or sulphuric acid (H2SO4), and powdered 

zinc (Zn) to a water sample.  Zinc reacts with mineral acids liberating hydrogen gas, 

which attaches to arsenic (Housecroft and Sharpe, 2001).  This reduces the arsenic in the 

sample to arsine gas (AsH3) (UNICEF, 2004).  The reaction occurs as follows: 

Zn(s) +2HCl(aq)  Zn2+
(aq) + 2Cl-

(aq) + H2(g) 

HAsO4
2-

(aq) + 4H2(g) + 2H+
(aq)  AsH3(g) + 4H2O 

(Hussam et al., 1999).  Arsine gas generated by the test kit then reacts with a test strip 

coated in mercuric bromide (HgBr2), which turns colour relating to the quantity of arsenic 

in the water.  The intensity of colour is proportional to the concentration of arsenic 

(Erickson, 2002).  Most test kits are supplied with an arsenic concentration colour scale 
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for comparison.  In the case of HgBr2, the colour change is from white to yellow to brown 

for increasing arsenic concentrations (Huang and Dasgupta, 1999).  Silver nitrate 

(AgNO3) is also used (Ellenhorn and Barceloux, 1988, IPCS, 2001), however, field test 

kits employed in Bangladesh is not well documented.  Appendix V will go into more 

detail regarding arsenic test kits available in Bangladesh.   

 As previously mentioned, arsine is the most toxic of the arsenic species.  A study 

by Hussam et al. (1999) evaluated the amount of arsine a worker would be exposed to 

using an arsenic field test kit.  The study found that a worker could be exposed to 35 

times the threshold limiting value (TLV) of arsenic which is 50 parts per billion by 

volume (ppbv).  Based on their study, Hussam and colleagues (1999) recommend test kits 

to be implemented in an open field with good airflow, in a fume hood, or for the operator 

to wear a protective mask. 

 

6. Treatment Options 

Treatment options can either be installed at the community level or the household 

level.  As arsenic concentrations vary throughout Bangladesh, treatment options applied 

in one region may not be applicable in another.  As well, members of a community may 

not be able to afford installation at the household level, and it may be beneficial to install 

treatment systems at the community level.  Treatment options should be able to remove 

all species present (MIT, 2001).  Arsenic removal efficiencies may be affected by pH and 

presence of other chemical species (Ng et al., 2004).  With the application and 

implementation of treatment methods, it is important do to a site assessment to determine 

pre-existing site conditions.  Although this may be advantageous, it can be very 

expensive and is unfeasible in such a large and irregular contaminated region such as 

with Bangladesh. 
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 There are many treatment options that can be implemented to remove arsenic to 

concentrations below the Bangladesh guideline.  These treatment options are: 

Oxidation/Reduction, Coagulation, Absorption, Ion Exchange, Membrane Separation 

Processes, and Biological Treatments.  It is often the case that one of these treatments is 

not enough to remove arsenic below specific guidelines and hence a combination of these 

will have to be implemented.  The following sections intend to familiarize the reader with 

each treatment option.   

6.1 Oxidation/Reduction 
Oxidation/reduction reactions tend to involve the simple addition of a oxidant or 

an reductant to oxidize or reduce a given species in order to improve the removal 

efficiency.  This process is not meant to be the only step of arsenic removal (MIT, 2001); 

it is usually coupled to an extraction mechanism that is capable of removing the dominant 

arsenic species.  Most groundwater, and more importantly, the groundwater in 

Bangladesh contain both arsenite and arsenate.  However, most technologies are capable 

of removing arsenate more efficiently as arsenite remains uncharged below pH 9.2.  

Therefore, only oxidants will be discussed in this section since the majority of the arsenic 

species need to be arsenate (or converted to arsenate). 

 Common oxidants include oxygen (O2), ozone (O3), free chlorine19, gaseous 

chlorine (Cl2), hypochlorite (HClO), potassium permanganate (KMnO4), hydrogen 

peroxide (H2O2), and Fenton’s reagent20.  Of these, O2, KMnO4 and HClO are most 

common in developing countries; KMnO4 is commonly used as it is a topical antibiotic in 

developing countries and is readily available and has a long shelf life (Johnson and 

Heijnen, 2000).  Cl2 is not used often due to taste and odour issues that result (Johnson 

and Heijnen, 2000).  Also, if organic matter is present, Cl2 may react with these 

                                                           
19 The concentration of residual chlorine in water present as Cl2, HOCl, and/or hypochlorite ion (OCl-) 
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producing toxic by-products (Johnson and Heijnen, 2000).  Based on a per dosage basis, 

O3 is the superior oxidant, with 0.64 mg used per mg of arsenite; KMnO4 uses 1.41 

mg/mg of arsenite (ETV-AM Program, Fiscal Protocol, 2002).   

6.1.1 Iron-Manganese Oxidation 

Iron-manganese oxidation often results in the removal of arsenic through co-

precipitation and sorption onto ferric or manganic hydroxides; this utilizes the same 

mechanisms as coagulation and filtration.  As Bangladesh also has elevated iron and 

manganese in groundwater, this process can be utilized to remove all three; iron and 

manganese are reduced to iron/manganese oxyhydroxides and arsenic is sorbed onto their 

surfaces.  However, iron is often present in a form that is not easily oxidized, or it can be 

complexed to organic matter causing oxidation to be slow (Johnson and Heijnen, 2000), 

and if alkalinity is low, precipitation may not occur.  In some instances, chlorine can be 

added to overcome these barriers, however, dose, potency and household additions can be 

problematic (Johnson and Heijnen, 2000).   

6.2 Coagulation 
Coagulation is a conventional treatment technology that often utilizes aluminium-

based products (Gregor, 2001) to induce particle formation (often referred to as flocs) 

that removes inorganic contaminates.  Coagulation is an important treatment as it is able 

to remove arsenic in various forms, from inorganic (arsenite and arsenate) to organic and 

particulate to soluble (Gregor, 2001).  It uses the combination of precipitation, co-

precipitation and adsorption and is the most used arsenic removal process (ETV-AM 

Program, Fiscal Protocol, 2002).  Coagulation converts soluble arsenic to an insoluble 

form to allow it to be separated via filtration (MIT, 2001).  Filtration can be a very 

important step as arsenic can be sorbed onto hydrous aluminium or iron oxides that 

                                                                                                                                                                             
20 Solution of hydrogen peroxide and an iron catalyst 
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remain suspended in the groundwater (ETV-AM Program, Fiscal Protocol, 2002).   

 Common coagulates are salts, such as alum (Al2(SO4)318H2O), ferric chloride 

(FeCl3), and ferric sulphate (Fe2(SO4)37H2O, slacked or hydrated lime (Ca(OH)2)21 and 

iron and manganese complexes (as described earlier) which utilize sorptive sand filters 

(Leupin et al., 2005, Ng et al., 2004, Ahmed, 2001, Johnson and Heijnen, 2000).  Alum 

coagulation is most effective in the pH range from 7.2 to 7.5; iron coagulants operate best 

from pH 6.0 to 8.5 (ETV-AM Program, Fiscal Protocol, 2002).  Coagulation can also 

improve the water quality by removing suspended sediments, and dissolved constituents 

such as turbidity, iron, manganese, phosphate and fluoride (Johnson and Heijnen, 2000).  

Two important parameters in coagulation are pH and the chemical species present; each 

coagulant has an optimal operating efficiency and the presence of other chemical species 

like silicate and phosphate effect the overall efficiency of coagulation process (Ng et al., 

2004).   

 The removal of arsenate occurs at a higher efficiency with coagulation, therefore 

pre-treatment with an oxidant (Cl2 or MnO2) is recommended in order to convert arsenite 

to arsenate (Ng et al., 2004).  Chlorination added as an oxidant can also act as a 

disinfectant (Gregor, 2001).  Limitations of coagulation include the formation of by-

products, problems with taste and odour due to the addition of chlorine as an oxidant, 

issues with floc disposal and post-treatment of wastewater (Ng et al., 2004). 

 6.3 Adsorption 
Adsorption is the accumulation of a material at an interface, such that the 

substance is transferred from the liquid phase to the surface of a solid and bound (MIT, 

2001).  The substance can adsorb suspended particles or it can be a media that is fixed in 

place (MIT, 2001).  In the case of arsenic, it is adsorbed onto the surface of a variety of 

                                                           
21 Calcium hydrate 
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granular or activated sorbents, clay minerals and cellulose materials (such as newspaper 

pulp or sawdust) (MIT, 2001).  Arsenic can form a complex with a positively charged 

surfaces or it can be involved in a ligand exchange whereby arsenic displaces a surface 

group (ETV-AM Program, Fiscal Protocol, 2002).  This can be seen in the reaction 

below, where =S indicates the surface of a solid: 

 S-OH + H+ +H2AsO4
-  =S-H2AsO4 + H2O (arsenate)  

S-OH + H3AsO3  =S-H2AsO3 +H2O (arsenite) 

(OCETA, 2001).  Common adsorbents include activated alumina (AA), activated carbon 

(AC), activated bauxite, titanium oxide, silicium oxide, media coated with manganese 

and iron oxides, and hydroxides and ion exchange resins (these will be discussed in the 

next section) (Driehaus and Aguirre, 2005, Ng et al., 2004, ETV-AM Program, Fiscal 

Protocol, 2002).  The most popular of these is AC because of its low cost and stability.  

However, the occurrence of other anionic species, such as sulphate (SO4
2-), Cl- or natural 

organic matter (NOM) can cause a sharp decrease in arsenic removal efficiencies (Ng et 

al., 2004).   

 Arsenic adsorption by metal oxides, such as iron and manganese, can be 

kinetically restricted and occur in a two-step process (ETV-AM Program, Fiscal Protocol, 

2002).  First arsenic is complexed to the surface (fast) then arsenic exchanges with 

hydroxide ions and diffuses to sorption sites in the internal pores of the sorbent (slow, 

rate limiting step) (Chwirka et al., 2000, ETV-AM Program Fiscal Protocol, 2002).  Also, 

due to their chemical similarities to arsenic, if phosphate, borate, or silicates are present, 

they could interfere with adsorption (ETV-AM Program, Fiscal Protocol, 2002).  Neutral 

species that are present in the water can cause sorption capacity22 because of their slight 

attraction to the negative charge limiting the use of adsorption (ETV-AM Program, Fiscal 

                                                           
22 The value of the amount of adsorbed substance reached in a saturated solution 
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Protocol, 2002).  The major disadvantages associated with adsorption is the disposal of 

the exhausted material, treatment of the wastewater produced during either the 

regeneration processes or the cleaning of the column, and the need to replace the 

adsorbent after every few uses (Ng et al., 2004).  Lastly, water treated by this process 

tends to be high in iron and therefore the water may be required an initial iron removal 

process.     

6.4 Ion Exchange Resins 
Ion exchange is a process in which a reversible interchange of ions is created 

between the solid and liquid phase (MIT, 2001).  The ions are held electrostatically on a 

resin, meaning there is no change in charge to the ions or the solid.  The solid is a 

synthetic resin, a cross-linked polymer skeleton forming a matrix (commonly polystyrene 

cross-linked with divinylbenzene (C38H38)), which is specific to arsenic (ETV-AM 

Program, Fiscal Protocol, 2002).  The resin can be acidic, that is, negatively charged resin 

that is loaded with cations for exchange, or basic, negatively charged resin to exchange 

with negatively charged ions.  In the case for arsenic, a weakly or strongly basic resin is 

needed.  Weakly basic anion resins operate best at acidic pHs and tend to protonate 

primary, secondary and tertiary amine functional groups (-N(CH3)2).  Strong base anions 

are usually ammonium functional groups and operate over pH 0 to 13; these are common 

for arsenic removal (ETV-AM Program, Fiscal Protocol, 2002).  The resin is pre-treated 

with HClO, which establishes the overall exchangeable negative charge on the surface; 

bromide (Br-) and acetate (CH3COO-) can also be used (Johnson and Heijnen, 2000).  

Resins all have different selectivity and can be developed to optimize elemental removal 

(Johnson and Heijnen, 2000).  When the resin becomes exhausted and breakthrough 

occurs, the resin can be regenerated.  This is a simple process, which occurs through the 

addition of a salt mixture.  Arsenic exchange and resin regeneration occurs as follows: 
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2R-Cl + HAsO4
2-  R2HAsO4 +2Cl- (exchange) 

R2HAsO4 + 2Na+ + 2Cl-  2R-Cl + HAsO4
2- + 2Na+ (regeneration) 

(ETV-AM Program, Fiscal Protocol, 2002).  

 The arsenic-contaminated water can be passed through one or more resin beds.  

This is dependent on the concentration of the arsenic, as well as the presence of other 

competing ions such as sulphate and nitrate; they will both be removed before arsenic 

(ETV-AM Program, Fiscal Protocol, 2002).  The order of ion preference is as follows: 

CrO4
2-, SeO4

2-, PO4
2-, SO4

2-, HSO4
-, NO3

-, Br-, HAsO4
2-, SeO3

2-, HSO3
3-, NO2

-, HCO3
-, 

Cl-, F-, OH- (ETV-AM Program, Fiscal Protocol, 2002).  A benefit to this treatment is 

that arsenic removal is not dependent on pH.  As arsenite is uncharged (As(OH)3), it will 

not be removed using ion exchange unless a oxidation step is included (MIT, 2001), 

however, the addition of too much oxidant can damage the resin (ETV-AM Program, 

Fiscal Protocol, 2002).  The presence of SO4
2- and Cl- are known to reduce the capacity 

of the resin (ETV-AM Program, Fiscal Protocol, 2002).  This removal technology is best 

implemented on a community scale, which may not be applicable in some villages due to 

the blotchy occurrence of arsenic contamination in the groundwater. 

6.5 Membrane Separation Processes 
Membrane processes involve the forced passage of water though a selective 

membrane; a pressure gradient across the membrane controls the flow of water (ETV-

AM Program, Fiscal Protocol, 2002).  The membrane acts as a selective barrier allowing 

some particles to pass through while others are rejected on the basis of their size (Shih, 

2005).  Membrane processes are defined based on their pressure: low-pressure systems 

(microfiltration (MF), ultrafiltration (UF)) and high-pressure systems (nanofiltration 

(NF), and reverse osmosis (RO)).  Membrane processes allow for removal efficiencies 

that are less affected by other chemical species present and pH; however, there are still 
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optimum pH ranges that increase arsenic removal (Ng et al., 2004).  Like coagulation, 

removal efficiencies are higher for arsenate than arsenite.  The rejection of arsenate, and 

its higher removal efficiency is linked to its ionized state, whereas arsenite rejection is 

lower at neutral pH (Ning, 2002).  Arsenate, due to its slight charge, allows it to bind to 

solvent molecules more tightly; it also has a larger hydrated radius (450 pm) as compared 

to arsenite (Harris, 1998).  These could influence the rejection efficiency of arsenate.  

 MF and UF are low-pressure systems that utilize mechanical separation through 

sieving (Johnson and Heijnen, 2000).  These systems have a large nominal pore size (0.22 

to 1.22 μm (Shih, 2005)) and operate at pressures from 10-30 psi (Taylor and Wiesner, 

1999).  As MF removes particles with molecular weights upwards of 50,000 or a particle 

size of above 0.05 μm, the efficiency of arsenic removal is heavily dependent on the size 

distribution of arsenic particles in groundwater (Shih, 2005).  As the arsenic particulate 

present in water is not high, another technique such as coagulation is needed to increase 

particle size (Shih, 2005).  UF also suffers from the same flaws, as it too is dependent on 

a large particle size for efficient removal.   

 NF and RO systems use capillary flow or solution diffusion classifying them as 

high-pressure systems; because of their small pore size, these systems require a higher 

driving force to push water across the selective membrane (Shih, 2005).  They have a 

smaller pore size (less than 0.001 μm) and operate at pressures ranging from 75 to 250 psi 

(Taylor and Wiesner, 1999).  These membranes generally operate in lateral 

configurations resulting in only 15%-20% of the raw water passing through the 

membrane (Johnson and Heijnen, 2000).  NF is able to remove dissolved arsenate and 

arsenite due to the small size of the membrane pores; it removes arsenic through size 

exclusion and charge effects between the water and the membrane (Shih, 2005).  The 

high efficiency of this process (up to 97%) decreases the effectiveness of arsenate 
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removal over time as more arsenic is retained (Shih, 2005).  RO is essential when aiming 

to remove multiple contaminants from water (Driehaus and Aguirre, 2005); it is able to 

remove particles that are larger than 0.0001 μm (Shih, 2005).  As arsenic species tend to 

be dissolved in water, both RO and NF have a greater potential to remove arsenic due to 

their smaller pore sizes (over MF and UF) (Shih, 2005).     

 Increasing the pressure gradient can increase membrane selectivity (Johnson and 

Heijnen, 2000).  Rejection rates are also shown to increase with flux23.  Membrane 

processes tend to be the most expensive removal technique and are commonly applied in 

a municipal water treatment setting as opposed to a home-based system.  The high cost is 

associated with the maintenance of the membrane which requires disposal and 

replacement (Ng et al., 2004).  To prevent membrane fouling, a filtration step is generally 

required; membrane techniques generally require influent waters to be of relatively good 

quality (Ng et al., 2004).  The presence of organic matter, iron or manganese can cause 

scaling or fouling of the membrane (Johnson and Heijnen, 2000).   

6.6 Biological Treatments 
New treatments involving biological processes are of interest.  Such biological 

treatments can be implemented to transform, stabilize, or remove arsenic using 

microorganisms or plants (MIT, 2001).  This process, called bioremediation, or 

phytoremediation when plants are used, is a recent treatment technology that has shown 

to effectively remove arsenic from water (Alkorta et al., 2004).  In the case of 

bioremediation, organisms treat groundwater by oxidation/reduction, mineralization 

reactions or by methylation.  Phytoremediation using the Chinese brake fern (Pteris 

vittata) has shown to hyperaccumulate24 arsenic to high concentrations, taking up arsenic 

as arsenate and converting it to arsenite within the plant (Alkorta et al., 2004).  However, 

                                                           
23 The amount of flow per unit time 
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the arsenic content in the leaves tends to be very high and they must be disposed of at a 

hazardous waste facility (Ruder, 2004).   

 Oxidation of iron and manganese using iron-oxidizing bacteria allow for the 

precipitation of oxides that can also efficiently remove arsenic (Zouboulis and 

Katsoyiannis, 2005).  Under experimental conditions (continuous groundwater flow 

through a PVC (polyvinyl chloride) column that was spiked with arsenic and iron and 

aerated to induce bacterial growth), arsenite is oxidized resulting in the arsenate that is 

subsequently sorbed onto iron oxides.  This method is advantageous for several reasons: 

the use of chemicals is avoided, and it allows for the simultaneous removal of iron, 

arsenic and manganese (Zouboulis and Katsoyiannis, 2005).  In a study by Katsoyiannis 

and Zouboulis (2004), ferrous iron-oxidizing and organic matter consuming bacteria 

(Gallionella ferruginea and Lepiothrix ochracea both of which are present in most 

groundwaters) were used to form iron oxides.  Over 95% of the iron was removed 

whereas removal of arsenite was found to be 80%, dropping to 65% when influent 

concentrations of arsenic were greater than 150 ppb. The removal of arsenite was 

increased following an increase in dissolved oxygen content (Katsoyiannis and 

Zouboulis, 2004).  This was attributed to the oxidation of arsenite to arsenate as well as 

the increased adsorption of arsenite (Katsoyiannis and Zouboulis, 2004).  However, some 

bacteria can be highly specific; if certain conditions are not met, like a specific energy 

source, optimum temperature or pH, as well as aerobic, anaerobic or anoxic conditions, 

the microorganism will not function properly and have little to no effect.   

 

7. Social Implications 

Arsenic poisoning as a social crisis is relatively new.  Not much is known about 

                                                                                                                                                                             
24 Concentrate metals or metalloids to exceptionally high concentrations 
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arsenicosis “due to [the] lack of access of technical information”, especially in rural 

areas, where it is often classified as a “curse of nature” (Hussan et al., 2005).  Because of 

this, 53% of the rural population believe arsenicosis is contagious (Hanchett, 2006).  

Those suffering from arsenic poisoning are often identified as “dangerous” (Hassan et al., 

2005).  Keratosis and arsenicosis are often looked upon like leprosy; victims are outcast, 

making it difficult to assess the true number of those afflicted (Hanchett, 2006).  

“Advanced forms of keratosis are painful, and the consequent disfigurement can lead to 

social isolation in the villages” (Mazumder et al., 1998).  Those with arsenicosis also 

suffer in their daily lives; they are even rejected by their immediate family (Hussan et al., 

2005).  “Some unaffected people are angry and aggressive.  They think that [arsenicosis] 

patients should either stay in their homes or leave the village” (Hussan et al., 2005).  

“Employers [even] check the palms of arsenic-affected patients and refuse to provide 

[them] with work” (Hussan et al., 2005); this can be detrimental if they are the only form 

of monetary support in the household.  Often, women and children are forced to work.  

Afflicted children are not sent to school in an attempt to hide the disease, and those that 

still attend are forced to sit alone.   

Family members isolate affected members and “are hesitant about being close to 

their children[,] husbands keep a safe distance from their wives” (Hussan et al., 2005).  

However, it is women that are most vulnerable socially (Hussan et al., 2005).  Some 

affected women are unable to marry, others are divorced and abandoned by their husband 

and sent back to their parents with the children (Hussan et al., 2005, Hanchett, 2006).  

Because of this, affected young women occasionally commit suicide to elevate the burden 

on their families (Hanchett, 2006).   

Women are responsible for collecting water for their family.  If the family well is 

contaminated, they are forced to walk farther distances to collect a safe source, increasing 
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their workload burden (as seen in Figure 14) (Sultana, 2006).  In Bangladesh, a safe well 

is on average 167 metres away (Sultana, 2006).  Shame is also associated with a well 

being designated contaminated and painted red.  In some cases, families tamper with the 

well to remove the paint (Hanchett, 2006).     

 Not many Bangladeshi people are aware of arsenic contamination despite the 

arsenic mitigation efforts.  In a study by Caldwell and colleagues (2003b), it was found 

that 49% of the people did know there was something wrong with their drinking water; 

however, only 16% knew the water contained a poison called arsenic.  As a result, 38% 

of those people continued to drink from the contaminated source (Caldwell et al., 2003b).  

Perhaps the lack of concern is routed in the mechanism of distribution with regards to 

arsenic mitigation.  In many efforts, arsenic is explained to be a poison using the 

Bangladesh translation bish.  However, bish describes a substance that has a strong smell, 

distinctive colour and particular taste; arsenic has none of these (Hanchett, 2006).   

 Bangladesh communities have local leaders, grammo mattobbar, that arsenicosis 

patients often go to when they are not able to afford treatment.  They are often trusted 

more than an outside source such as an NGO.  Hussan et al. (2005) reports that although 

some grammo mattobbar do offer money to help patients, others refuse.  “The vast 

majority of local people cannot afford doctors’ prescription fees and the cost of medicines 

over an extended period” (Hussan et al., 2005); outside help is necessary.  A majority of 

the people affected in Bangladesh live in the rural areas, and because these areas do not 

have a piped water supply, they rely on groundwater as their major source.  These people 

are also very poor.  As a result, arsenic-related problems are not a high priority for these 

people.  They are often more concerned with improving local infrastructure, law and 

order, effective, decentralized government, and education and health services; all listed 

before safe water supply (Hanchett, 2006).  Most arsenic mitigation efforts require 
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communities to cost share on the community or household treatment option; however, 

most poor families cannot afford in put in their share (Hanchett, 2006).   

 Other social issues relate to quality of life.  Water that is deemed safe from 

tubewells is often not used for cooking as it contains high concentrations of iron, which 

tends to discolour rice.  Instead, Bangladeshis would rather boil surface water, which is 

often contaminated with microorganisms and feces.  As a large portion of Bangladesh is 

prone to flooding, roads and houses are built on a levee system.  These ditches and low-

lying areas then collect septic waste contaminating surface water.  Hygiene is also an 

issue as it is these same waters that are used for bathing.  Cholera can present in as little 

as one day and results in copious, painless, watery diarrhea that leads to extreme 

dehydration and death, if left untreated (WHO, 2000). 

 

8. Methods 

Any assessment to the effectiveness of a technology is difficult and requires a 

detailed, multidimensional investigation and description of findings.  The Ontario Centre 

for Environmental Technology Advancement (OCETA) has started an Environmental 

Technology Verification Program for Arsenic Mitigation. (ETV-AM).  “The main 

purpose of the program is to test, verify and monitor the field performance of candidate 

arsenic removal technologies from around the world, designed to remove arsenic from 

well water. Those that pass the verification process are issued a certificate that allows 

them to be sold in Bangladesh” (OCETA, 2007).  The program is funded through 

contributions through the Canadian International Development Agency (CIDA) and 

operates under an agreement with the Governments of Canada and Bangladesh.  Chosen 

technologies undergo rigorous testing both in the laboratory and in the field to establish 

performance criteria (OCETA, 2007).  Although these programs are superior, they take 
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time.  And while technologies undergo performance testing, the people of Bangladesh 

continue to drink arsenic-contaminated water.   

 The rating scheme, referred to as a matrix, has been designed to provide a rapid 

and straightforward solution to allow technologies to be implemented. This matrix has 

been chosen as a way to gather information about existing technologies, and to rate them 

based on their capability, efficiency, sustainability, acceptance and applicability. These 

indicators25 (similar to sustainability indicators which are developed to determine if a 

given activity will be sustainable over time (van Loon et al., 2005)) were carefully 

selected and defined to develop an all-encompassing scale.  A numerical scale was not 

used in this case as numbers would be assigned arbitrarily and would have no meaning 

nor comparative significance from one category to the next.  Thus an overall rating would 

have no meaning.  Instead, the indicators selected have intrinsic meaning that is directly 

applied to each category and each technology, and therefore can be compared.   

 A matrix was chosen for this project as a feasible and easy way to rate a variety of 

technologies to determine their effectiveness.  The matrix has also been implemented 

because of the uncertainty over technologies that currently exist.  Technologies are often 

only tested in a laboratory setting and frequently fail when implemented in the field.  To 

the author’s knowledge, the treatment options have never been rated against each other, 

aside from a study undertaken by the Bangladesh Arsenic Mitigation Water Supply 

Project (BAMWSP), the Department for International Development (DFID), and 

WaterAid Bangladesh (2001), where Bangladeshi people were asked to rate seven 

technologies.  The BAMWSP, DFID, and WaterAid report is a two-phase project in 

which a total of nine technologies were compared based on performance and acceptance 

(OCETA, 2001).  The first phase of that project deemed only seven of the nine 

                                                           
25 Descriptor that is representative of a set of conditions and points to aspects of an issue 
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technologies were able to remove arsenic under a variety of conditions.  The second 

phase of the report looked into the technical issues and public acceptance (OCETA, 

2001).  Three sub-districts, upazilas, were chosen and Bangladeshis in those upazilas 

rated the technologies according to use and scored them against each other.  A 

willingness-to-pay survey was also conducted.  For the present project, this report, along 

with other research, was collected as part of a literature review using previous studies that 

outline problems encountered when a given technology is implemented under both 

laboratory conditions and field conditions.  Most of these technologies have been 

implemented in Bangladesh and/or tested under a verification program.   

 There is often more than one solution that can obtain the desired results.  This is 

the case in Bangladesh; arsenic contamination is sporadic and varies spatially, and 

therefore the use of more than one technology is optimal.  The arsenic contamination in 

Bangladesh is discontinuous and concentrations of arsenic, sulphate, iron and manganese 

vary.  The best technology to implement in each region will be the one that fulfills each 

of the requirements, however, it is unlikely that one technology will always be the best 

option.  When a matrix is employed, assumptions are made which are outlined below.  

First and foremost, in constructing the matrix, it was assumed that the worst-case scenario 

in terms of arsenic concentration was present, and the concentrations of other chemical 

species (such as Fe and Mn) were high.  The technologies are evaluated based on their 

capability to cope with not only high arsenic concentrations, but with also high 

manganese, iron, bacterial counts and a variety of other species that periodically peak 

throughout the country.  It is assumed that technologies, although constructed by different 

companies, will operate under similar conditions and generate comparable desired results.  

It is also assumed that cost will be key in the decision to choose one technology over 

another.  This cost may be borne by NGOs or government; it is assumed that at some 
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point the well owner or its users will take on some of the cost.  The matrix assumes that 

sustainability of the technology is important; a sustainable rating is given to technologies 

that are developed locally and use locally derived materials for construction and arsenic 

mitigation.   

 The five technologies are weighted based on five categories: drinking water 

quality, life cycle of the technology, public acceptance, sustainable practices and ease of 

implementation.  These categories are also divided into subcategories that allow each 

technology to be rated in more detail.  A rating scheme has been developed in order to 

assign indicators to each technology.  These indicators are specific for each category and 

can be formulated into questions that allow them to be ranked.  For example, for drinking 

water quality the indicator is capability.  Therefore, the question would ask if the 

technology is capable of improving or coping with a certain aspect of drinking water 

quality, such as high arsenic concentrations.  The scale for each category is different; they 

do not have the same increments.  Effectiveness, or a high category specific rating, was 

awarded if the technology was likely to cope with each subcategory while minimizing 

negative outcomes.  Each category, its subcategories and their indicators will be 

explained in the following sections.   

8.1 Drinking Water Quality 
Drinking Water Quality is divided into three sub-categories and is rated based on 

the capability of the technology to handle each.  These are chemical species present, 

arsenic concentration and arsenic speciation.  Depending on the other chemical elements 

present, removal of arsenic can be enhanced or negatively affected.  Such is the case for 

adsorption processes where high concentrations of phosphate, borate or silicate can 

interfere with the removal of arsenic (ETV-AM Program, Fiscal Report, 2002).  This 

category takes into consideration species, speciation and concentrations that would 
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interfere with arsenic removal efficiency.   

8.2 Life Cycle of the Technology 
The life cycle of the technology is grouped into four sub-categories, which are 

water quality, regeneration and disposal, water quantity able to treat and time. Although 

these are not region-specific and are based more on the efficiency of the technology, they 

can be dependent on chemical species present in the given region.  This directly affects 

the longevity and competence of the technology.  The lifetime of the technology is taken 

into consideration as well as the time it takes for the system to provide arsenic-free 

drinking water.   

8.3 Public Acceptance 
Public Acceptance is divided into five sub-categories: affordability, operational 

safety, environmental safety, training and education, and gender constraints.  Bangladesh 

has had a long history of arsenic contamination, with a few failed attempts to provide safe 

drinking water.  These sub-categories take the community’s acceptance into 

consideration.  In most cases, women and children are expected to collect water for the 

family.  Treatment options should be safe for the operator and the environment and 

require little training.  The treatment option should also be affordable.   

8.4 Sustainable Practices 
The sub-categories in this section are affordability and materials. Most 

communities and families that are in need of arsenic removal systems are not wealthy.  A 

system that would be sustainable would be one that is affordable and does not include 

reoccurring costs.  It is very important that the materials used and the treatment itself is 

sustainable.  This could mean that they are locally derived and produced.  Affordability is 

repeated in this category; the initial cost can be one that is deemed acceptable, however, 



 54

that does not imply the reoccurring costs (for replacement filters, materials and disposal 

costs) are sustainable to the household or community.  

8.5 Ease of Implementation 
Ease of implementation is divided into scale, power requirements, output 

parameters (that is, how is the technology monitored to determine if arsenic and other 

chemicals present in the water are being removed to their respective guidelines) and time 

constraints.  Each of the technologies is then rated based on their simplicity and 

applicability.  Treatment options need to be designed in such a way that they can be easy 

to use and replace.  There also needs to be a recognition mechanism to allow users to 

identify when a component of the treatment system is exhausted.  Another issue is 

disposing of the exhausted materials that could contain a large quantity of arsenic as well 

as other problematic chemical species.  The material needs to be disposed of in a way that 

would prevent further release of the trapped contamination.  Procedures and guidelines 

need to be developed so that exhausted systems and contained contaminants do not find 

their way back into the groundwater system.   

 

9. Matrix 

 The matrix presented in Table 2 can be used as a quick and easy tool to determine 

which technology will be most useful based on knowing basic knowledge of the area in 

question.  Although there have been many studies which access the feasibility of 

technologies comparing lab and field implementation, no study has produced a matrix to 

rate technologies based on parameters.   

 In an attempt to demonstrate that this matrix is appropriate, it has been applied to a 

verified technology that is being implemented in Bangladesh, namely the SONO 45-25 as 

seen in Figure 15.  The SONO 45-25 utilizes a pour-through filter.  Arsenic is removed 
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via adsorption, precipitation, and co-precipitation using surface oxidation of zero valent 

iron (BCSIR, 2003).  It is used on the household level and consists of 3-pitchers, locally 

used for the collection and storage of water known as a kolshi (Munir et al., 2000).  The 

design is meant to provide a single household (average of five members) with 45 litres of 

potable water per day.  The technology claims to treat 74,460 litres of water with an 

arsenic concentration of up to 750 ppb to an effluent concentration of less than 50 ppb 

while maintaining a flow rate of 17 litres per hour (BCSIR, 2003).  The SONO filter is an 

optimum household -based technology as it does not require the addition of chemicals, it 

does not produce any sludge, it is manufactured from locally available materials, the filter 

does not need to be replaced regularly, and finally it consistently removes arsenic to less 

than 10 ppb regardless of the influent concentration (SIM Bangladesh, 2006).   

 The SONO 45-25 underwent a performance evaluation under the ETV-AM Field 

Testing and Technology Verification Program.  The Bangladesh Council of Scientific and 

Industrial Research (BCSIR) published the findings of the verification in a report seen in 

Table 3.   They found: the flow rate, as per the proponents claim, was slightly lower at 16 

litres per hour; that the filter was able to remove both silicate, phosphate and arsenic; 

arsenic is not reduced below 50 ppb when high levels of phosphate and silicate are 

present and the pH is greater than 7.5 (BCSIR, 2003).  It has been reported that the filter 

may allow bacterial growth, although this has not been tested; Serving in Mission (SIM), 

an international NGO registered with the Government of Bangladesh, has been 

implementing the SONO 45-25 filter since 2003 and reports that there has been no field 

incidents of bacterial contamination (SIM Bangladesh, 2006).   The SONO 45-25 was 

rated using the matrix that was developed for this report and can be seen in Table 4.   
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10. Limitations 

 Upon close examination, there is no single technology that is better over another.  

This is the major limitation of the matrix as it is applied to general descriptions of each 

technology.  This can be seen if the SONO 45-25 is compared to the coagulation 

processes.  The SONO 45-25 removal system does operate under the coagulation 

processes; however, it is generally rated high than coagulation.  This is because a specific 

description of the SONO 45-25 removal system exists; the removal system has been 

tested and implemented under both field and laboratory conditions.  If other technologies 

are rated using the matrix in this way, a more robust ranking can be assigned for each 

technology.  This is beyond the scope of this report.   

In other cases, there are certain technologies that excel in one category but fail in 

another.  For instance, sorption technologies appear to be unsustainable.  This is because 

the medium needs to be replaced and disposed of frequently.  This is especially true if 

iron concentrations are high.  However, sorption processes are applicable throughout 

Bangladesh; the technology does not require power and can be implemented both on the 

household- and community-based level.  Coagulation appears to be one of the highest 

rated technologies.  However, the technology is more efficient at removing arsenate, as 

its removal is insensitive to dose and independent of concentration (OCETA, 2001).  Ion 

exchange processes also have this problem.  A pre-oxidation step is generally required 

(although this can damage the resin) and the presence of ions such as sulphate and nitrate 

can competitively exchange for arsenic on the resin (Johnston and Heijnen, 2001).   

The Grainger Challenge Prize for Sustainability was announced in 2005 and 

sought out to award $1 Million to a technology that could remove arsenic from drinking 

water.  One of the requirements of the Grainger Challenge was that the top technology 

should be environmentally friendly.  This important aspect was also included in the 
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matrix as sustainability.  The sustainable use of each of the technologies would require 

that the disposal and regeneration processes create as little waste as possible.  The 

arsenic-contaminated waste also would have to be contained as to stop leakage that could 

possibly contaminate surface water or soil.  Therefore technologies that have little to no 

waste, such as membrane separation processes, are very advantageous.   

A study by Caldwell et al. (2003b) has shown rural communities and families in 

Bangladesh are aware of the arsenic contamination but were uninformed that drinking the 

contaminated water could be fatal (only 10% of the respondents were aware of the 

consequences).  The same study found that because of this, 38% of the respondents had 

not changed their source of drinking water (Caldwell et al., 2003b).  It is obvious then 

that treatment options need to be installed immediately but also that intensive education 

programs are implemented along side them.  Another issue was the lack of recognition of 

arsenic poisoning.  Many villagers in the study indicated that they found arsenicosis 

symptoms hard to recognize (Caldwell et al., 2003b).  This also supports the main 

challenge regarding arsenic contamination: proper and adequate education.   

 The implementation of any treatment system increases the burden on women and 

children, as they are responsible for collecting water for the family.  Most point-of-use 

systems would still require water to be collected and transported to the home.  Women 

and children would also be the ones who would need to be taught how to operate the 

technology.  This is not a serious problem for a majority of the technologies, but some 

require frequent additions of chemicals and disposal of exhausted materials, which would 

no doubt also fall on women.   
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11. Conclusions and Recommendations 

The gold winner of the Grainger Challenge was awarded $1 Million in February 

2007 for building an arsenic removal system that is safe and easy to use (NAE, 2007).  

“The winning systems [(gold, silver and bronze awards)] had to be affordable with low 

life-cycle cost, robust, reliable, easy to maintain, socially acceptable and environmentally 

friendly” (NAE, 2007).  The gold winning system, known as SONO 45-25 filter, was 

developed by Abul Hussan (who is originally from Bangladesh), from the Department of 

Chemistry and Biochemistry at George Mason University in Fairfax, Virginia, and 

utilizes a three-koshi filtration system.  The system uses indigenous raw materials (such 

as coating sand from the Ganges River System with iron); the three filters are able to 

produce 20 litres of water per hour and can be sustained for up to five years.  This is a 

great example of an initiative to obtain a system that is able to produce arsenic-free 

drinking water.  As discussed in a previous section, the SONO 45-25 filter was rated 

using the matrix designed in this report.  The results, as seen in Table 4, show that the 

technology is capable of treating arsenic-contaminated water in Bangladesh to below 50 

ppb.  Although there are small issues with high concentrations of phosphate and silicate, 

the technology is still relatively efficient and sustainable, as it uses locally derived 

materials.  There is no mechanism to warn users when the materials become exhausted, 

but SIM Bangladesh does visit field areas every 3 months and provides arsenic testing via 

an arsenic test kit every 6 months (SIM Bangladesh, 2006).  They report almost 100% of 

the filters have been in operation for three years and none of these filters have to be 

replaced (SIM Bangladesh, 2006). 

As discussed throughout this document, Bangladesh is exposed to a wide variety 

of problems.  Although arsenic has been the main worry over the last decade, there are 

other species that are also problematic, although debatably less so (ex. Fe, Mn).  Any 
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treatment option that is put into place should take all factors into consideration so that one 

problem is fixed only to deal with another.  Such was the case of the installation of the 

millions of tubewells over the vast majority of the country to decreases deaths due to 

fecal contamination of surface drinking water.  A large majority of research has been 

conducted on arsenic due to its health concerns that have come to light in recent years 

and to deduce its mechanism of release.  This document has attempted to provide the 

reader with an extensive background on the current situation in Bangladesh and its 

struggle with arsenic mitigation.   

 It is hoped that the matrix presented in this report may be used to choose 

treatment systems that could be implemented to improve the life of Bangladeshi people, 

as well as those who live in a variety of other developing countries that also suffer from 

arsenic-contaminated groundwater, such as Argentina (Driehaus and Aguirre, 2005) and 

China (Mukherjee and Bhattacharya, 2001, UNICEF, 2004).  Further research to test and 

improve the matrix is fundamental.  It would be advantageous to review a variety of 

technologies implemented in verification programs as it was done for the SONO filter, 

using the matrix.   

 Although this particular matrix was developed for arsenic-contaminated 

groundwater, it can be altered in order to be applied in other situations where more than 

one solution may be feasible.  Rating systems are commonly applied when a direct 

answer is not known.  Most commonly, an end result is needed, and indicators are 

developed in order to determine if the desired results can be achieved using present 

methods and practices.   
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12. Figures 

 
Figure 1: Bangladesh is divided into 6 divisions 
(http://commons.wikimedia.org/wiki/Image:Bangladesh_divisions_english.png). 

 

 
Figure 2: Map of Bangladesh. Bangladesh is divided into 64 districts 
(http://www.bangladoot.se/bangmap.gif). 
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Figure 3: Physiographic Map of Bangladesh (GoB, 2002). 
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Figure 4: Eh-pH diagram of arsenic at 25ºC and 1 atmosphere (atm). A variety of pH and 
reduction-oxidation conditions influence which species of arsenic will be present. The 
arsenic species, on the basis of pH and Eh, likely to be present in groundwater and 
surface water are outlined. (Shih, 2005).  

 

 
Figure 5: Relationship between arsenic and depth as found by Anawar et al. (2003).  
Samples were collected randomly throughout Bangladesh. High arsenic concentrations 
are found to peak above 41 metres depth.   
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Figure 6: Common inorganic and organic forms of arsenic. 1-arsenate, 2- arsenite, 3- 
monomethylarsenate (MMA), dimethylarsenate (DMA), 5- trimethylarsine oxide, 6- 
tetramethylarsonium ion, 7- arsenobetaine, 8- arsenocholine (IPCS, 
http://www.inchem.org/documents/ehc/ehc/ehc224.htm). 
 
 
 
 
 
 

 
Figure 7: The methylation of arsenic compounds as developed by Challenger 
(Challenger, 1944). 
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Figure 8: Map of Jessore District, Banlgadesh (Banglapedia, 
http://banglapedia.net/HT/J_0093.HTM). 
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Figure 9: Extent of Arsenic Contamination in Bangladesh.  The red dots (concentrated in 
the southern regions of the country) indicate a well that contains arsenic above the 
concentration of 50 ppb.  This is the arsenic guideline in Bangladesh. 
(phys4.harvard.edu/~wilson/arsenic/countries/bangladesh/BGS_map.gif). 
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Figure 10: A regional study shows the percentages of wells that exceed arsenic 
concentrations in relationship to depth. It is evident from the graph that arsenic peaks at 
certain depths (~25m, 55m, 75m, 120m, 145m). Wells that are above 5m are usually 
uncontaminated (McArthur et al., 2001).   
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Figure 11: Extent of Phosphorus Contamination in Bangladesh.  The red dots indicate 
that amount of wells that were found to contain phosphorus concentrations above 1 ppm. 
Guideline unknown.  (http://www.sos-arsenic.net/english/maps.html). 
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Figure 12: Vertical profiles of subsurface geochemical characteristics showing the inverse 
relationship between arsenic and sulphur at 20 to 40 metres depth (Harvey et al., 2002). 

 

 
Figure 13: Reduction of FeIII and mobilization of arsenic in microcosms containing Bengali 
sediments under a range of conditions. A – aerobically, B – anaerobically, C – anaerobically 
with sodium acetate (proxy for organic matter), D – Control experiments (Islam et al., 2004). 
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Figure 14: Responses of women and men to a question raised regarding an increase in 
workload in water collection due to arsenic. 70% agreed that workload has increased for 
women and about 20% agreed it has got worse for girls (Sultanna, 2006). 
  

 
Figure 15: The SONO 45-25 Arsenic Removal System (Bangladesh Environmental 
Technology Versification – Support to Arsenic Mitigation, http://www.betv-sam.org/). 
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13. Tables 

 
Table 1: USEPA and WHO guidelines (Frisbie et al., 2002). Some known Bangladesh 
concentrations are also listed. 

 
 
 

 

 Risk-based drinking water guidelines (μg/L or 
ppb) 

Element Bangladesh WHO USEPA 

As 0.5 to 3200  10 10 
Ba N/a 700 2000 
Cd N/a 3 5 
Cr N/a 50 100 
Cu N/a 2000 1300 
F < 0.001 1500 4000 

Mn N/a 500 None 
Mo N/a 70 None 
Ni N/a 20 1000 
Pb N/a 10 15 
Sb N/a 5 6 
Se N/a 10 50 
Tl N/a None 2 
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Table 2: Matrix of technologies. Each technology is rated based on five categories that are further divided for increased accuracy. 
 

 
 Oxidation Coagulation Sorption Ion Exchange Membrane Separation 

Drinking Water Quality 
(capability) medium medium-limited limited medium-limited limited-medium 
  Chemical Ions Present medium medium-limited limited limited limited-medium 
  Arsenic Speciation high limited limited limited limited 
  Arsenic Concentration medium medium medium medium-high medium 

Life Cycle of the Technology 
(efficiency) medium medium medium-limited limited-medium medium 
  Water Quality limited medium medium-limited medium-limited medium-limited 
  Regeneration/Disposal medium medium-limited limited limited-medium high-medium 
  Water Quantity medium medium medium medium-limited medium 
  Time medium medium medium medium medium 

Public Acceptance (acceptability) acceptable-medium medium-acceptable medium medium medium 
  Affordability acceptable medium medium-acceptable medium unacceptable 
  Operational Safety medium acceptable medium medium acceptable 
  Environmental Safety acceptable medium unacceptable medium acceptable 
  Education medium medium-acceptable medium-acceptable unacceptable-medium acceptable-medium 
Sustainable Practices 
(sustainability) sustainable sustainable-medium medium-unsustainable sustainable medium-unsustainable 
  Materials sustainable sustainable-unsustainable unsustainable sustainable medium 
  Affordability sustainable sustainable medium-unsustainable sustainable unsustainable 
Ease of Implementation (simple 
and applicable) widely-medium medium widely-medium medium medium-limited 
  Household vs. Community widely household-based widely widely community-based 
  Electricity Requirements widely widely widely widely limited 
  Output Parameters limited medium medium medium-limited medium 
  Time widely widely medium medium medium 



Table 3: BCSIR Verification Report for the SONO 45-25.  From this it can be seen that 
this technology was implemented in five regions.  Of these regions, Hajiganj was the only 
one where the technology failed after 5 days of operation (BCSIR, 2003). 
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Table 4: SONO 45-25 Matrix.  If compared to the Matrix in Table 2, it can be seen that 
the SONO 45-25 technology falls under the coagulation column.  
 

 
 

 
 

  
  SONO 45-25 
Drinking Water Quality 
(capability) medium 
  Chemical Ions Present medium-limited 
  Arsenic Speciation high 
  Arsenic Concentration high-medium 
Life Cycle of the Technology 
(efficiency) medium 
  Water Quality medium 
  Regeneration/Disposal medium 
  Water Quantity high-medium 
  Time medium 

Public Acceptance (acceptability) medium-high 
  Affordability medium 
  Operational Safety high 
  Environmental Safety medium-high 
  Education medium 
Sustainable Practices 
(sustainability) sustainable 
  Materials sustainable 
  Affordability sustainable 
Ease of Implementation (simple 
and applicable) medium 
  Household vs. Community household 
  Electricity Requirements widely 
  Output Parameters medium 
  Time widely 
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14. Appendix I – Geophysiographical Regions in Bangladesh 

The Himalayan Piedmont Plain makes up the inactive portion of the Tista Flood Plain.  It 

is covered with alluvial fans of piedmont26 sands and gravels that were deposited from 

the Mahananda and Karatoya Rivers from the foot of the Himalayas (see Figure A1 and 

A2 for a map of river systems in the Appendix).  In the south, the alluvial deposits 

overlay the Barind Tract Pleistocene clays (Rashid, 1978).  The Tista Flood Plain 

contains the active portion of the Tista, Mahanada and Karatoya rivers that consists of 

piedmont sand and gravel levees and a majority of the land is flooded (Rashid, 1978). 

The inactive and active portion of the Tista Fan are mainly arsenic free, with 20% of the 

wells tested in this region enriched with arsenic (Ahmed et al., 2004).  The Barind Tract 

is a Pleistocene terrace of clays characterized by a dendritic drainage pattern.  It is 

classified based on the yellow and red clay soils that predominate as well as its slight 

elevation compared the flood plains that surround (Rashid, 1978).  It is not subject to 

annual floods as it is 45 metres above sea level.  Aquifers in this region are also protected 

by a thick clay layer and are arsenic safe (Ahmed et al., 2004).   

 The Atrai Flood Plain is also known as the Bhar Basin, meaning lowland.  This 

region is usually completely flooded during the rainy season and water can be 0.6 to 3.7 

metres deep.  Rivers deposit a large majority of silt due to rapid changes in course that 

occurs in this region (Rashid, 1978).  Underlying soil is mainly clay.  The Ganges Flood 

Plain consists of many banks and accretions27 that are constantly eroded and reformed.  

Most are small sand and mud deposits while some are more substantial (Rashid, 1978).  

Accretions on the Ganges River when it first enters Bangladesh are largely sand, in the 

                                                           
26 Lying or formed at the base of a mountain or mountain range 
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middle largely silt, and in the lower reaches, clay.  Levees are present on either side of 

the Ganges and can be 3.2 to 19.3 kilometres apart (Rashid, 1978).  This region has 

shallow depressions and small ridges, which are filled in with swamps, and become 

flooded in the monsoon season.  The Brahmaputra-Jamuna Flood Plain is located 

between the Barind and Madhupur Tracts.  It is important to note that the Old 

Brahmaputra River avulsed in 1787 from the east side of the Madhupur Tract to the west 

and changed from a meandering to a braided river (Rashid, 1978, Reimann, 1993).  This 

is thought to have occurred due to tectonic activity resulting in a change in load the river 

was receiving (Rashid, 1978).  Accretions are also present along this river.  This region is 

flooded up to 0.9 metres deep during the monsoon season (Rashid, 1978).   

 The Madhupur Tract, like the Barind Tract, is an elevated Pleistocene region.  

However, this elevated tract is as a result of tectonic uplift (Rashid, 1978).  This region 

consists of hillocks28 and valleys with dendritic drainage with the southern most portions 

of the tracts becoming extensively flat (Rashid, 1978).  The Old Brahmaputra Flood Plain 

houses a seasonal river channel and is located between the Madhupur Tract and the Haor 

Basin.  As the Old Brahmaputra River built a high levee system before changing its 

course, the current river rarely spills (Rashid, 1978).  Other original channels have 

become silted due to lack of fluvial activity.  The deep aquifer in this region is low in 

arsenic because of the thick Pleistocene clay layer that occurs in this region (Ahmed et 

al., 2004).  The Meghalaya Foothills extend in a thin line for almost 161 kilometres at the 

northeastern portion of Bangladesh.  The hills consist of sandstones, shales and limestone 

at heights of over 91.4 metres; valleys are at heights of 30.5 metres (Rashid, 1978).  

                                                                                                                                                                             
27 An increase of land along the shores of a body of water, as by alluvial deposit 
28 A small hill 
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Large deposits of clay have also been located in this region.  The few basins that exist in 

this region are only shallowly flooded in the monsoon season with occasional flash 

flooding affecting the whole region (Rashid, 1978).   

 The Haor Basin is a large tectonic depression bounded by the Old Brahmaputra 

River and India.  The Haor Basin contains lakes and large swamps (called haors), is 

regularly flooded in the monsoon season and is undergoing rapid subsidence29 (Reimann, 

1993, GoB, 2002).  Levees are the only elevated portion in this region and most flat lying 

areas are flooded seasonally (Rashid, 1978).  This region is moderately enriched in 

arsenic with 40% to 60% of wells above arsenic guidelines (Ahmed et al., 2004).  The 

Sylhet Hills are folded anticlines30 of over 61 metres that continue in the south in the 

Chittagong Region.  Small hillocks are also present in the south of this region and have a 

northwest and southeast trend.  They are made of predominately Pleistocene clays and 

sands.  The Meghna Flood Plain was originally built by the Old Brahmaputra River, 

which at one point carried the main stream (Rashid, 1978).  It contains Pleistocene deltaic 

deposits that are mainly estuarine sediments.  The Meghna River also has accretions, 

which become less stable downstream.  Water samples in this region show that this 

region is severely contaminated with over 80% of wells being arsenic-rich (Ahmed et al., 

2004).  The Tippera Surface contains slightly more oxidized sediments as compared to 

flood plain deposits (Rashid, 1978).  This region is comprised of Pleistocene sediments 

that are buried by sandy clays that have been transported from the Tripura Hills.  Rivers 

in this region exhibit rectangular drainage.  The lower flood plains in this region are 

seasonally flooded (Rashid, 1978).   

                                                           
29 The motion of a surface as it shifts downward relative to a datum 
30 A fold structure in which the sides of the fold slope apart 
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 The Ganges Delta region can be subdivided into four sections: Moribund, 

Immature, Mature and Active Delta (Rashid, 1978), all of which are criss-crossed with 

major rivers and numerous tributaries (Reimann, 1993). The land in between is swampy 

and completely flooded during the monsoon season.  The Moribund Delta contains rivers 

whose channels are clogged with sand.  Water drainage is minimal apart from surface 

water drainage and flooding events (Rashid, 1978).  The region contains oxbow lakes31 

that are full throughout the year.  The Immature Delta is a broad, flat region of land that 

is just above sea level (Rashid, 1978).  This area is highly subsided, with maximum 

subsidence estimated at 12.2 metres (Rashid, 1978).  The Mature Delta collects water as a 

result of flooding of the Jamuna and Ganges rivers.  This regions elevation varies quite 

substantially from the shallowly flooded north to the extensively flood basins in the south 

(Rashid, 1978).  The southern regions of the Mature Delta are heavily influenced by tidal 

action.  In the dry season, tidal influences turn the river water brackish32 (Rashid, 1978).  

Lastly, the Active Delta is subject to continual flooding; the land could be underneath 0.3 

to 1.8 metres of water at any time during the monsoon season (Rashid, 1978).  Bank 

deposits in the form of accretions occur in this region and are mainly sand and silt.  

Aquifers in this region are moderately to severely contaminated, with 60% to 80% of the 

wells tested being arsenic-rich (Ahmed et al., 2004).   

The hilliest region in Bangladesh is the Chittagong Hill Tracts (Reimann, 1993).  

For the most part, the hills and valleys strike north-south and get higher and steeper as 

they move to the east (GoB, 2002).  Hills are highest in the northeast (greatest height 

reaching 1 kilometre near the border of Burma), with heights otherwise below 300 

                                                           
31 Formed when a wide meander from a stream or a river is cut off to form a lake 
32 Water that is saltier than fresh water, but not as salty as seawater 
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metres, and topography is highly eroded (Rashid, 1978).  Aquifers in this region are 

discontinuous due to complex folding and faulting.  These aquifers, although not 

adamantly tested, are considered arsenic safe (Ahmed et al., 2004).  Lastly, the Coastal 

Plain consists of narrow flat regions along the coast of the Bengal Delta and contains a 

number of swampy channels (Ahmed et al., 2004).  The Coastal Plain can vary in width 

from a 100 metres to over a 1.5 kilometres (Rashid, 1978).  Tidal influences are very 

important as settlements extend to the waters edge; average daily tide rises 1.8 metres 

(Rashid, 1978).  The upper aquifer is this region is highly contaminated with arsenic 

whereas the deeper aquifer is arsenic free.   
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15. Appendix II – Three Aquifers Divisions in Bangladesh 

2.2.2.1 Composite Aquifer 

The composite aquifer occurs at varying depths of roughly 5 metres in the north to 

70-100 metres deep in the south (Aggarwal et al., 2000).  This aquifer has a silty clay-

clay layer above it, which is on average 12.5 metres thick.  However, it can be less than 1 

metre (in northwest Bangladesh, in the Tista Fan area) to several hundred metres (Barind 

Tract area) (Islam and Uddin, 2002).  The composite aquifer contains fine to very fine-

grained sand interbedded with thin bands of clay.  The composite aquifer is separated 

from the lower main aquifer by thin multi-layered discontinuous clay, allowing these 

aquifers to be hydraulically connected and leaky (Islam and Uddin, 2002).  This aquifer 

contains water that is less than 100 years old (Aggarwal et al., 2000). 

2.2.2.2 Main Aquifer 

The bulk of the groundwater extracted in Bangladesh occurs from this aquifer 

(Islam and Uddin, 2002).  Water in this aquifer is 3000 years old (Aggarwal et at., 2000).  

The main aquifer consists of medium to coarse-grained sandy sediments, which are 

interbedded with gravel deposits (Banglapedia - Hossain, 2003) and thin clay layers 

(Islam and Uddin, 2002).  The aquifer thickness varies from 23 to 85 metres (Islam and 

Uddin, 2002) and is located at depths from 200 to 300 metres (Aggarwal et al., 2000).  

The aquifer’s characteristics vary throughout Bangladesh, but are mostly semi-confined.  

This indicates that the aquifer is overlain with a quasi-impermeable unit that allows for 

water exchange.  Near the coastal regions, the composite and main aquifers are separated 

by a salt water zone arising from the proximity of the Bay of Bengal, causing the main 

aquifer to be considered the deep aquifer in this region (Islam and Uddin, 2002).  In the 
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coastal zone, a thick clay layer underlies the main/deep aquifer.   

2.2.2.3 Deep Aquifer 

 The clay layer that separates the main from the deep aquifer can be 60 to 150 

metres thick (Islam and Uddin, 2002).  The aquifer consists of medium-grained sand 

interbedded with coarse to very coarse-grained sand deposits (Islam and Uddin, 2002).  

The depth of the aquifer ranges from 150 to 460 metres in the north and 210 to 300 

metres in the south (Islam and Uddin, 2002).  Because the great depth of this aquifer, the 

groundwater is often referred to as fossil water; carbon dating has revealed ages as great 

as 20,000 years (Aggarwal et al., 2000, Islam and Uddin, 2002).  Water from this aquifer 

is uncontaminated and is extracted as drinking water in Dkaha, the capital of Bangladesh 

(Islam and Uddin, 2002).   
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16. Appendix III – Geochemistry and Health 

Correlations were also shown with other elements; of these, the most worrisome 

are iron (Fe), chromium (Cr), lead (Pb), nickel (Ni) and manganese (Mn).  At present 

there is no drinking water guideline for iron; the chromium, lead, nickel and manganese 

guidelines are 0.05, 0.01, 0.02 and 0.5 mg/L (ppm) respectively (WHO, 2004).  In a study 

by Frisbie et al., 50% of the tested water samples in Bangladesh contained manganese 

above the drinking water guideline set by the WHO (2002).  Despite a negative 

correlation (-0.13) between arsenic and manganese, 35% of the samples that were above 

the guideline for arsenic were also above the guideline for manganese.  This is worrisome 

as manganese is known to be a mutagen, and its accumulation is thought to cause hepatic 

encephalopathy33 (Frisbie et al., 2002).  Long-term exposure of manganese is also 

associated with neurological damage (Frisbie et al., 2002).   

 In the same study, lead, chromium (total) and nickel concentrations were found to 

be above guidelines in 3%, <1% and <1% of Bangladesh respectively (Frisbie et al., 

2002).  Speciation was not specified in the study; however, it is unlikely given the pH and 

Eh conditions of the aquifers that chromium exists in the toxic hexavalent form (as seen 

in Figure A3).  Chromium is most likely present as Cr2O3, or exists as an aqua-ion34 and 

thus in its more stable trivalent form (Comber and Gardner, 2003).  As well, 2% of the 

samples that exceeded the arsenic drinking water guideline also exceeded the guideline 

for chromium, lead and nickel.  Nickel and chromium concentrations were poorly 

correlated with arsenic, however, they correlate well with each other (0.92) (Frisbie et al., 

2002).    

                                                           
33 Brain and nervous system damage that occurs as a complication of liver disorders 
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2.2.3.1 Antimony 

 Evidence also exists to support that antimony (Sb) is present in the water.  It is 

recognized that antimony can alter the chronic effects of arsenic (Gebel, 2000, Frisbie et 

al., 2002).  Antimony is known to have similar chemical properties to arsenic; it is also 

thought to preferentially bind to glutathione (GSH) complexes (Bailly et al., 1991).  

Gebel (1998) has hypothesized that competition for sulfhydryl groups, like those on 

GSH, by arsenic and antimony may be cause for combined cytotoxicity.  Using a sister 

chromatid exchange35 to access the genotoxic effects of antimony and arsenic, Gebel et 

al. (1997) found that combination was subadditive; the combined effects of arsenic and 

antimony was less than or equal to the effects of each separately.  However, lack of 

human epidemiological health studies has made it impossible to specify whether 

antimony is able to augment or repress arsenic toxicity in vivo (Gebel, 2000).  McCarty et 

al. (2004) undertook a study in which 245 water samples were collected from the Padna 

region in Bangladesh (Figure A4) and analyzed for arsenic and antimony.  Antimony was 

found to be present in all samples at concentrations of less than 1 ppb.  As the US EPA 

drinking water maximum contamination level (MCL) for antimony is 6 ppb, it is unlikely 

that this element would be important factor in the alteration of arsenic toxicity (McCarty 

et al., 2004).  Frisbie et al. (2002) performed a similar study; of the samples tested, 97% 

that had detectable arsenic (detection limit 0.7 ppb) also contained detectable antimony 

(detection limit 0.0015 ppb).  Despite this, no correlation between arsenic and antimony 

was found (-0.05).   

2.2.3.2 Zinc 

 Another important discovery was the low amounts of zinc (Zn) in the water 

                                                                                                                                                                             
34 Ion hydrated with one or more water molecules 
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supply.  This metal is an essential element in the human diet (Frisbie et al., 2002); zinc 

promotes the repair of arsenic damaged tissues (Engel et al., 1994).  Engel and colleagues 

(1994) undertook a study of patients suffering from arsenic induced gangrene.  In this 

study it was found that those patients with minor zinc intake had an increased zinc 

requirements for the repair process as a result of the arsenic poisoning and thus gangrene 

was exacerbated.  Zinc fingers – a protein domain that binds to DNA and present in repair 

proteins – often contain vicinal dithiols (Engel et al., 1994).  As arsenite is known to be 

attracted to thiol groups, arsenite ultimately competes with zinc to bind to thiol groups.  

Although this mechanism is only a hypothesis, zinc-deficiency as a prominent enhancer 

of the vascular effects caused by arsenic poisoning is significant (Gebel, 2000).  In a 

study be Frisbie et al. (2002), zinc was not found above the detection limit (0.7 μg/L) in 

21% of the samples, and 18% of samples that contained detectable levels of arsenic did 

not contain detectable amounts of zinc.  This is important when considering the zinc-

deficiency hypothesis.  It is also important to note no extensive nutritional surveys have 

been undertaken in Bangladesh.   

2.2.3.3 Selenium 

 In 1938, Moxon found that feeding rats seleniferous grains prevented typical 

symptoms of arsenic poisoning.  These rats were fed arsenic and selenium and were 

found to be normal in appearance, with normal growth rates, normal appetites and 

showed no liver damage characteristic of selenium poisoning (Moxon, 1938, Moxon and 

DuBois, 1939).  Rhian and Moxon (1943) examined this same effect in dogs.  The dogs 

were fed both arsenic and selenium and also showed no harmful effects and while data 

indicated that co-exposure of arsenic can influence partial recovery from anemia, one of 

                                                                                                                                                                             
35 Producing reciprocal exchange of DNA between the two DNA molecules of a replicating chromosome 
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the principal effects of chronic selenium poisoning (Rhian and Moxon, 1943).  However, 

this antagonistic effect of arsenic and selenium is time dependent; arsenic given to rats 

fed seleniferious grain after 30 days proved to have little to no value, whereas rats fed 

arsenic prior to 20 days after selenium recovered (Rhian and Moxon, 1943).  It is because 

of this that selenium is regarded as nature’s antidote for heavy metals; selenium also 

protects against mercury, silver, cadmium and possibly lead poisoning (Frost and Lish, 

1975).  Levander (1977) found that arsenite gave full protection against selenium 

poisoning symptoms, mainly liver damage and growth depression.  Arsenic was found to 

not only block the production of volatile selenium compounds, but also decrease 

selenium retention in the liver and increase the selenium excreted in the gastrointestinal 

tract (Levander, 1977, Miyazaki et al., 2003).  Selenium has also shown to increases the 

excretion of arsenic in bile (Underwood, 1971, Levander, 1977, Spallholz et al., 2004).   

 Sweins (1983) investigated the effect of selenium against arsenic-induced 

chromosomal damage; the results showed that arsenite, as sodium arsenite (AsNaO2), 

could protect against chromosomal aberrations36 in human lymphocytes37 caused by 

arsenic.  These chromosomal effects produced by arsenic were only reduced when 

selenium was given before arsenic (Biswas et al., 1999).  Arsenic and selenium’s 

opposed toxic effect influenced studies to determine their combined interaction.  Gailer et 

al. (2000) proposed and proved the existence of a selenium-arsenic compound which was 

found in rabbit bile called the seleno-bis(S-glutationyl) arsinium ion (as seen in Figure 

A5).  It is postulated that increasing the selenium intake may increase the formation and 

excretion of this complex in bile thus protecting people drinking arsenic contaminated 

                                                           
36 Change in the normal structure or number of chromosomes 
37 Type of white blood cell in the vertebrate immune system 
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water in Bangladesh (Gailer et al., 2000).  Wuyi et al. (2001) showed that selenium could 

prevent accumulation of arsenic in the human body as well as repairing damage caused.  

Results also indicate that arsenic is slowly removed from the body if an arsenic-free 

water source is provided, however, removal is amplified if selenium is supplied (Wuyi et 

al., 2001).  The study by Frisbie et al. (2002) found of the samples that contained arsenic 

above detection limits, 93% did not contain selenium above detection limits (3 μg/L).  

Samples that did not contain detectable zinc also did not contain detectable selenium.  

This indicates that Bangladesh soil might be deficient in both of these essential nutrients, 

and shows a potential correlation between essential element deficiency and arsenic 

poisoning. 
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17. Appendix IV – Laboratories in/near Bangladesh 

The School of Environmental Studies (SOES) of Jadavpur University in Calcutta, India 

has facilities capable of analysing arsenic in water at the ppb level (SOES, 2007).  The 

instruments they have include a Flow Injection- Hydride Generation- Quartz Tube- 

Atomic Absorption Spectrometer (FI-HG-QT-AAS) (Rahman et al., 2002).  Their 

laboratory also has a High Performance Liquid Chromatograph (HPLC) and Gas 

Chromatograph (GC) instrument.  However, these techniques are not useful for arsenic 

analysis expect for speciation, which is not trivial to do by these methods.  The laboratory 

claims to be recognized by the WHO with respect to its capabilities of analyzing arsenic 

(SEOS, 2007).  The Intronics Technology Center (ITC) located in Dhaka, the capital of 

Bangladesh, is equipped with a continuous HG-AAS (Rahman et al., 2002).   

 Through research carried out on the World Wide Web, it was determined that the 

Bangladesh Rice Research Institute (BRRI) and the Bangladesh Agricultural Research 

Institute (BARI) also have an HG-AAS.  The International Centre for Diarrhoeal Disease 

Research, Bangladesh (ICDDR,B) also conducts research on arsenic contaminated 

tubewells (ICDDR,B, 2002), but available laboratory equipment was not listed.  The 

Bangladesh Rural Advancement Committee (BRAC) also houses BRAC University; they 

had a digital lab, but limited instrumental information was given (BRAC, 2006).  The 

DPHE was the first organization to report arsenic poisoning in Bangladesh and their 

laboratory is equipped with AAS instrumentation (Erickson, 2002).  Other laboratories 

are located at the Bangladesh University of Engineering and Technology (BUET) and the 

University of Dhaka, both located in Dhaka; however, it was difficult to determine the 

types of facilities located at these universities.   
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18. Appendix V – Arsenic Test Kits in Bangladesh 

 A list of common arsenic test kits can be seen in Table A1.  Of these, the kits 

commercially available in Bangladesh will be discussed; these are, along with their 

country of origin, National Institute of Preventive and Social Medicine (NIPSOM) kit 

(Bangladesh), General Pharmaceuticals Limited (GPL) kit (Bangladesh), All India 

Institute of Hygiene and Pubic Health (AIIH&PH) field kit (India), Merck kit (Germany), 

Hach kit (USA) and the Asia Arsenic Network field kit (Japan) (Kamal and Parkpian, 

2002, Rahman et al., 2002, IRC, 2007).  The Merck, Hach and AAN kits are imported; 

the other arsenic test kits are locally available (Pande et al., 2001, IRC, 2007).  In 

response to the unreliability and misinterpretation of field kits, an arsenic detection 

system equipped with a digital photometer has been developed coined the arsenator 

(UNICEF, 2004).  Walter Kosmus originally developed this system, and it is now sold 

through a UK based company called Wagtech International Limited (Erickson, 2002).   

 In a laboratory and field assessment of arsenic field kits, arsenic concentration, 

sample preservation, and interference of other chemical species were analyzed (Pande et 

al., 2001).  The tests compared in this study were AAN, E.Merck, NIPSOM and 

AIIH&PH.  Although none of the tests stained the mercuric bromide paper when the 

blank (no arsenic present) was tested, they also did not stain when the quality control 

sample from the EPA was tested having an arsenic concentration of 40 ppb (Pande et al., 

2001).  This is problematic as the most guidelines, including the one set in Bangladesh, 

are around this concentration.  The interference of nitric acid (HNO3), a standard 

preservation method for arsenic samples, was also investigated.  Results demonstrate that 

both quality control samples and those preserved with HNO3 produce slightly lower 
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values than actual for all of the test kits (Pande et al., 2001).  Interference of sulphide  

(S2-), chloride (Cl) and iron (Fe) were also considered. Although Fe and Cl were found to 

have no effect on the determination of arsenic in a sample, the AAN and NIPSOM tests 

produced a positive result for arsenic at a S2- concentration of 100 ppb (no arsenic 

present); all kits respond to the S2- interference at concentrations of 1 and 10 ppm (no 

arsenic present) (Pande et al., 2001).  The same tests were also compared using an ICP 

spectrometer from water collected from the Chandpur district in Bangladesh (Table A2).  

Of these, E.Merck, AAN and NIPSOM, in order of effectiveness, performed the best 

(Pande et al., 2001).    

 To complement field tests, laboratory tests must also be performed in order to 

verify that field kits are correctly assessing the concentrations of arsenic.  In a study by 

Rahman et al. (2002), the effectiveness and reliability of arsenic field tests were 

determined using Flow Injection-Hydride Generations-Atomic Absorption Spectrometry 

(FI-HG-AAS) as a comparative laboratory methods. The study found that a large number 

of tubewells tested and painted based on the test kit result were incorrectly labelled 

(Rahman et al., 2002).  Rahman and others (2002) compared 2,866 well samples that 

were taken from wells that were marked red or green.  The concentrations were found to 

range from less than 3 to greater than 600 ppb using arsenic field test kits.  Through FI-

HG-AAS it was determined that 1,920 wells contained safe drinking water (below 50 

ppb); however, field tests had mislabelled over 44% of those wells.  The FI-HG-AAS 

results also show that arsenic field tests are unreliable when testing concentrations within 

3 ppb to 70 ppb; false detections range from 16% to over 80% of the wells.  This is 

especially important as the Bangladesh drinking water guideline falls in this gap.  As a 
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result of false positives and negatives, UNICEF specifies that 3% of all samples should 

also be tested using laboratory methods (Erickson, 2002).  However, this means upwards 

of 15,000 samples need to be tested and existing laboratories in Bangladesh are not able 

to handle this demand (Erickson, 2002). 
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19. Appendix Figures  

 
 
 
 

 
Figure A1: A map of all the river systems that flow into Bangladesh (Figure A2 shows a 
close-up of these rivers) (Banglapedia, http://banglapedia.org/Maps/MR_0208.GIF) 
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Figure A2: Major River Systems in Bangladesh.  Note the Brahmaputra-Jamuna, Old 
Brahmaputra, Meghna, Padma (Ganges), Atrai, Tista, Mahananda and Karatoya River. 
(Banglapedia, http://banglapedia.org/Maps/MB_0616.GIF). 
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Figure A3: Eh-pH diagram of chromium at 25ºC. (Ali et al., 1989).   
 
 

 
Figure A4: Map of the Pabna District in Bangladesh (Banglapedia, 
http://banglapedia.org/Maps/MP_0002.GIF). 
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Figure A5: The seleno-bis(S-glutationyl) arsinium ion. It is thought to be present in both 
resonance forms (Gailer et al., 2000). 
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20. Appendix Tables 

Table A1: list of arsenic test kits 
Field Kits (country of origin) Sensitivity 

NIPSOM (Bangladesh) 10-700 ppb 
GPL (Bangladesh) 10-2500 ppb 
AIIH & PH (India) Yes/No 
Merck (Germany) 5-200 ppb 

Hach (USA) 10-500 ppb 
AAN (Japan) 20-70 ppb 

NIPSOM – National Institute of Preventive and Social Medicine 
GPL – General Pharmaceuticals Limited 
AIIH & PH – All India Institute of Hygiene and Public Health 
AAN – Asia Arsenic Network 
 
 
 
Table A2: Arsenic in well water in Chandpur Bangladesh tested using field kits and an 
ICP Spectrometer Note that the E.Merck and AAN arsenic field kit are most reliable 
(Pande et al., 2001).   

 
 
 
 
  



 

 95

21. References 

Acharyya, S.K., Lahiri, S., Raymahashay, B.C., and A. Bhowmilk, 2000. Arsenic toxicity 
of groundwater in parts of the Bengal basin in India and Bangladesh: the role of 
Quaternary stratigraphy and Holocene sea-level fluctuations.  Environmental Geology, 39 
(10), 1127-1137. 
 
ACS, American Chemical Society, (2004). Questions From the Classroom: Deadly 
Poisons, B. Becker. Online Source: 
http://www.chemistry.org/portal/a/c/s/1/feature_tea.html?id=c373e90097f810dd8f6a1724
5d830100, Accessed: February 16th, 2007. 
 
Aggarwal, P.K., Basu, A.R., Poreda, R.J., Kulkarni, K.M., Froehlich, K., Tarafdar, S.A., 
Ali, M., Ahmed, N., Husain, A., Rahman, M., and S.R. Ahmed, (2000). A Report on 
Isotope Hydrology of Groundwater in Bangladesh: Implications for Characterization and 
Mitigation of Arsenic in Groundwater. IAEA-TC Project Report: BGD/8/016, 
International Atomic Energy Agency, Vienna. 
 
Aggarwal, P.K., Dargie, M., Groening, M., Kulkarni, K.M., and J.J. Gibson, (2001). An 
Inter-Laboratory Comparison of Arsenic Analysis in Bangladesh, Draft Report. 
International Etomic Energy Agency. 
 
Ahmed, K.H., Husan, M.K., Burgess, W.G., Dottridge, J., Ravenscroft, P., and J.J. van 
Wonderen, (1999). The Dupi Tila aquifer of Dhaka, Bangladesh: Hydraulic and 
hydrocehmical response to intensive exploitation. In: Groundwater in the Urban 
Environment: Selected City Profiles, John Chilton (ed.), A.A. Balkema, Rotterdam 19-30. 
 
Ahmed, M.F., (2001). An Overview of Arsenic Removal Technologies in Bangladesh 
and India, Technologies for Arsenic Removal from Drinking Water. Bangladesh 
University of Engineering and Technology and The United Nations University, May, 
2001. 
 
Ahmed, M.F., (2003). Arsenic. Chemical and Engineering News: It’s Elemental: The 
Periodic Table, American Chemical Society. 
 
Ahmed, K.M., Bhattacharya, P., Hasan M.A., Akhter, S.H., Alam, S.M.M., Bhuyian, 
M.A.H., Imam, M.B., Khan, A.A., and O. Sracek, (2004). Arsenic enrichment in 
groundwater of the alluvial aquifers in Bangladesh: an overview. Applied Geochemistry, 
19, 181-200. 
 
Ali, I., Raghavan, S., and M. Pritzker, (1989). Stability of chromium dioxide particles in 
aqueous media. Colloid and Polymer Science, 267, 255-261. 
 
Alkorta, I., Hernandez-Allica, J., and C. Garbisu, (2004). Plants against the global 
epidemic of arsenic poisoning. Environment International, 30, 949-951. 



 

 96

Anawar, H.M., Akai, J., Mostofa, K.M.G., Safiullah, S., and S.M. Tareq, (2002). Arsenic 
poisoning in groundwater: Health rich and geochemical sources in Bangladesh. 
Environment International, 27, 597-604. 
 
Anawar, H.M., Akai, J., Komaki, K., Terao, H., Yokahito, T., Ishizuka, T., Safiullah, S., 
and K. Kato, (2003). Geochemical occurrence of arsenic in groundwater of Bangladesh: 
sources and mobilization processes. Journal of Geochemical Exploration, 77, 109-131. 
 
Anwar, J., (2004). Arsenic and Uranium in Fertilizer. Online Source: www.sos-
arsenic.net/english/tep.html, Accessed: April 18th, 2007. 
 
Bae, M., Watanade, C., Inaoka, T., Sekiyama, M., Sudo, N., Bokul, M.H., and R. 
Ohtsuka, (2002). Arsenic in cooked rice in Bangladesh. The Lancet, 360, 1839-1840. 
 
Bailly, R., Lauwerys, R., Buchet, J.P., Mahieu, P., and J. Konings, (1991). Experimental 
and human studies on antimony metabolism: their relevance for the biological monitoring 
of workers exposed to inorganic antimony. British Journal of Industrial Medicine, 48, 93-
97.   
 
BRAC, Bangladesh Rural Advancement Committee, (2006).  University Website. Online 
Source: http://www.brac.net/index2.htm, Accessed: April 15th, 2006. 
 
BCSIR, Bangladesh Council of Scientific and Industrial Research, (2003). Performance 
Evaluation and Verification of Five Arsenic Removal Technologies: ETV-AM Field 
Testing and Technology Verification Program (OCETA). Dhaka, September, 2003.  
 
Bednar A.J., Garbarion, J.R., Burkhardt, M.R., Ranville, J.F., and T.R. Wildeman, 
(2004). Field and laboratory arsenic speciation methods and their application to natural-
water analysis. Water Research, 38, 335-364. 
 
Bhattacharya, P., Jacks, G., Ahmed, K.M., Routh, J., and A.A. Khan, (2002). Arsenic in 
Groundwater of the Bengal Delta Plain Aquifers in Bangladesh.  Bulletin of 
Environmental Contaminates and Toxicology, 69, 538-545. 
 
Bhattacharya, P., Welch, A.H., Ahmed, K.M>, Jacks, G., and R. Naidu, (2004). Arsenic 
in groundwater of sedimentary aquifers. Applied Geochemistry: Guest Editorial, 19, 163-
167. 
 
Biswas, S., Talukder, G. and A. Sharma, (1999). Prevention of cytotoxic effects of 
arsenic by short-term dietary supplementation with selenium in mice in vivo. Mutation 
Research, 441, 155-160. 
 
BGS, DFID, GoB, British Geological Survey, Department for International Development 
and Government of the People’s Republic of Bangladesh, (2001). Arsenic contamination 
of groundwater in Bangladesh Volume 2:Final Report. D.G. Kinniburgh and P.L. 
Smedley (eds). February 2001. 



 

 97

Buchet, J.P., Lauwerys, R., and H. Roels, (1981). Comparison of the Urinary Excretion of 
Arsenic Metabolites After a Single Oral Dose of Sodium Arsenite, Monomethylarsonate, 
or Dimethylarsinate in Man. International Archives of Occupational and Environmental 
Health, 48, 71-79. 
 
Buchet J.P., and R. Lauwerys, (1983) Evaluation of exposure to inorganic arsenic in man. 
Lectures of a course held at the Joint Research Centre, Ispra (Italy), 22nd-26th June 1981. 
In: Facchetti S (ed) Analytical techniques for heavy metals in biological fluids. Elsevier, 
Amsterdam, pp 75-90 
 
Caldwell, B.K., Caldwell, J.C., Mitra, S.N., and W. Smith, (2003a). Searching for an 
optimum solution to the Bangladesh arsenic crisis. Social Science and Medicine, 56, 
2089-2096. 
 
Caldwell, B.K., Caldwell, J.C., Mitra, S.N., and W. Smith, (2003b). Tubewells and 
Arsenic in Bangladesh: Challenging a Public Health Success Story. International Journal 
of Population Geography, 9, 23-38. 
 
Challenger, F., (1944). Biological Methylation.  Chemical Reviews, 315-361. 
 
Chakraborti, D., Sengupta, M.K., Rahman, M.M., Ahamed, S., Chowdhury, U.K., 
Hossain, M.A., Mukherjee, S.C., Pati, S., Saha, K.C., Dutta, R.N., and Q. 
Quamruzzaman, (2004). Groundwater arsenic contamination and its health effects in the 
Ganga-Meghna-Brahmaputra plain, Journal of Environmental Monitoring, 6 (6), 74N-
83N. 
 
Chausseau, M., Roussel, C., Gilon, N., and J.M. Mermet, (2000). Optimization of HPLC-
ICP-AES for the determination of arsenic species. Fresenius Journal of Analytical 
Chemistry, 366, 476-480. 
 
Chowdhury, U.K., Biswas, B.K., Chowdhury, T.R., Samanta, G., Mandal, B.K., Basu, 
G.C., Chanda, C.R., Lodh, D., Saha, K.C., Mukherjee, S.K., Roy, S., Kabir, S., 
Quamruzzaman, Q., and D. Chakraborti, (2000). Groundwater Arsenic contamination in 
Bangladesh and West Bengal, India. Environmental Health Perspectives, 108 (5), 393-
397. 
 
Chwirka, J.D., Thomson, B.M., and J.M. Stomp III, (2000). Removing Arsenic from 
Groundwater. Journal of the American Water Works Association, 92 (3), 79-88. 
 
CIA, Central Intelligence Agency, (2007). The World Factbook: Bangladesh. Online 
Source: https://www.cia.gov/cia/publications/factbook/geos/bg.html, Accessed: February 
16th, 2007.  
 
Comber, S. and M. Gardner, (2003). Chromium redox speciation in natural waters. 
Journal of Environmental Monitoring, 5, 410-413.   
 



 

 98

Cullen, W.R. and K.J. Reimer, (1989). Arsenic Speciation in the Environment. Chemical 
Reviews, 89, 713-764. 
 
Das H.K., Mitra, A.K., Sengupta, P.K., Hossain, A., Islam, F. and G.H. Rabbani, (2004). 
Arsenic concentrations in rice, vegetables, and fish in Bangladesh: a preliminary study. 
Environment International, 30, 383-387. 
 
Dedina, J., and D.L. Tsalev, 1995. Hydride Generation Atomic Absorption Spectromety. 
John Wiley and Sons, Toronto, Volume 130. 
 
Dopp, E., Hartmann, L.M., von Recklinghausen, U., Florea, A.M., Rabieh, S., 
Zimmermann, U., Shokouhi, B., Yadav, S., Hirner, A.V., and A.W. Rettenmeier, 2005. 
Forced Uptake of Trivalent and Pentavalent Methylated and Inorganic Arsenic and Its 
Cyto-/genotoxicity in Fibroblasts and Hepatoma Cells. Toxicological Sciences, 87 (1), 
46-56. 
 
Drishaus, W., and R. Aguirre, (2005). Iron-based absorbents help solve global health 
problem of arsenic removal. Water and Wastewater International, 20 (3), 11-17. 
 
Duker, A.A., Carranza, E.J.M., and M. Hale, 2005. Arsenic geochemistry and health. 
Environment International, 31, 631-641. 
 
Ellenhorn, M.J., and D.G. Barceloux, (1988). Medical Toxicology: Diagnosis and 
Treatment of Human Poisoning. Elesevier, New York, NY, USA. 
 
Engel, R.R., Hopenhayn-Rich, C., Receveur, O., and A.H. Smith, (1994). Vascular 
Effects of Chronic Arsenic Exposure: A Review. Epidemiologic Reviews, 16 (2), 184-
209. 
 
Erickson, B.E. (2002) Field kits fail to provide accurate measure of arsenic in 
groundwater. Environmental Science and Technology Online News. Online Source: 
http://pubs.acs.org/subscribe/journals/esthag-w/2002/nov/tech/be_arsenickits.html, 
Accessed: March 19th, 2006. 
 
ETV-AM Program, Fiscal Report, (2002). Arsenic Removal Technologies: Specific to 
Bangladesh. Revision 1, June 2002. 
 
Fetter, C.W., (2001). Applied Hydrogeology, 4th Edition. Prentice Hall, New Jersey.   
 
Fowler, B.A., and J.B. Weissberg, (1974). Arsine Poisoning. New England Journal of 
Medicine, 291 (22),1171-1174. 
 
Francesconi, K.A. and D. Kuehnett, (2004). Determination of arsenic species: A critical 
review of methods and applications, 2000-2003. The Analyst, 129, 373-395. 
 
 



 

 99

Francesconi, K.A., (2005). Current Perspectives in Arsenic Environmental and Biological 
Research. Environmental Chemistry, 2, 141-145. 
 
Frisbie, S.H., Ortega, R., Maynard, D.M., and B. Sarkar, (2002). The Concentrations of 
Arsenic and Other Toxic Elements in Bangladesh’s Drinking Water. Environmental 
Health Perspectives, 110 (11), 1147-1153. 
 
Freeze, R.A., and J.A. Cherry, (1979). Groundwater, Prentice-Hall Inc., New Jersey, 
United States. 
 
Frost, D.V., and P.M. Lish, (1975). Selenium in Biology. Annual Review of 
Pharmacology and Toxicology, 15, 259-284.  
 
Gailer, J., George, G.N., Pickering, I.J., Prince, R.C., Ringwald,S.C., Pemberton, J.E., 
Glass, R.S., Younic, H.S., DeYoung, D.W., and H.V. Aposhian, (2000). A Metabolic 
Link between Arsenite and Selenite: The Seleno-bis(S-gultathionyl) Arsinium Ion. 
Journal of the American Chemical Society, 122, 4637-4639. 
 
Gebel, T., Christensen, S. and H. Dunkelberg, (1997). Comparative and Environmental 
Genotoxicity of Antimony and Arsenic. Anticancer Research, 12, 2603-2608. 
 
Gebel, T., (1998). Suppression of arsenic-induced chromosome mutagenicity by 
antimony. Mutation Research, 412, 213-218.  
 
Gebel, T., (2000). Confounding variables in the environmental toxicology of arsenic. 
Toxicology, 144, 155-162. 
 
GoB, Government of the People’s Republic of Bangladesh, (1998). National Policy for 
Safe Water Supply and Sanitation: Local Government Division, Ministry of Local 
Government, Rural Development and Cooperatives. Online Source: 
http://www.sdnpbd.org/sdi/international_days/wed/2006/bangladesh/documents/national_
pol_safe_drinking_water_sanitation1998.pdf, Accessed: March 28th, 2007. 
 
GoB, Government of the People’s Republic of Bangladesh, (2002). Report of the Ground 
Water Task Force. Ministry of the Local Government, Rural Development and Co-
operatives, Local Government Division. July 2002. 
 
Gorss, J., (2002). Inaccurate arsenic test kits jeopardize water safety in Bangladesh and 
India. American Chemical Society (ACS). Online Source: 
www.scienceblog.com/community, Accessed: April 16th, 2006.   
 
Graham, A.F., Crawford, T.B.B. and G.F. Marrian, (1946). The Action of Arsine on 
Blood: Observations on the Nature of the Fixed Arsenic. Biochemical Journal, 40 (2), 
256-260. 
 



 

 100

Gregor, J., (2001). Arsenic removal during conventional aluminium-based drinking-water 
treatment.  Water Resources, 3 (7), 1659-1664. 
 
Hanchett, S., (2006). Social aspects of the arsenic contamination of drinking water: a 
review of knowledge and practice in Bangladesh and West Bengal. In: APSU Selected 
papers on the social aspects of arsenic and arsenic mitigation in Bangladesh, Arsenic 
Policy Support Unit, Dhaka, Bangladesh: 1-51.  
 
Harris, D.C., (1998). Quantitative Chemical Analysis, Fifth Edition. W.H. Freeman & 
Company, New York, NY. 
 
Harvey C.F., Swartz, C.H., Badruzzaman, A.B.M., Koen-Blute, N., Yu., W., Ali, M.A., 
Jay, J., Beckie, R., Niedan, V., Brabander, D., Hemond, H.F., and M.F. Ahmed, (2002). 
Arsenic Mobility and Groundwater Extraction in Bangladesh.  Science, 298, 1602-1606. 
 
Haq, K.A., (2006). Water Management in Dhaka. Water Resources Development, 22 (2), 
291-331.   
 
Hindmarsh, J.T., (2000). Arsenic, Its Clinical and Environmental Significance. The 
Journal of Trace Elements in Experimental Medicine, 13, 165-172.   
 
Hindmarsh, J.T., (2002). Caveats in hair analysis in chronic arsenic poisoning. Clinical 
Biochemistry, 35, 1-11. 
 
Hossain, M.S., (2003). Banglapedia – Aquifer. Online Source: 
http://banglapedia.search.com.bd/HT/A_0280.htm, Accessed: January 9th, 2006. 
 
Housecoft, C.E., and A.G. Sharpe, (2001). Inorganic Chemistry. Prentice Hall, Toronto. 
 
Huang, H and P.K. Dasgupta, (1999). A field-deployable instrument for the measurement 
and speciation of arsenic in potable water. Analytica Chimica Acta, 380, 27-37. 
 
Hung, D.Q., Nekrassova, O., and R.G. Compton, (2004). Analytical methods for 
inorganic arsenic in water: a review. Talanta, 64, 269-277. 
 
Hussam, A., Alauddin, M., Khan, A.H., Rasul, S.B., and K.M. Munir, (1999). Evaluation 
of Arsine Generation in Arsenic Field Kit. Environmental Science and Technology, 33, 
3686-3688. 
 
Hussan, M.M., Atkins, P.J., and C.E. Dunn, (2005). Social Implications of arsenic 
poisoning in Bangladesh. Social Science and Medicine, 61, 2201-2211. 
 
ICDDR,B, International Centre for Diarrhoeal Disease Research, Bangladesh, (2002). 
Organizations Website. Online Source: 
http://202.136.7.26/activity/index.jsp?activityObjectID=59, Accessed: April 25th, 2006. 
 



 

 101

IPSC, International Programme on Chemical Safety, (2001). Arsenic and its compounds, 
2nd Edition, WHO. Online source: 
http://www.inchem.org/documents/ehc/ehc/ehc224.htm, Accessed: March 20th, 2006. 
   
IRC, International Water and Safety Centre, (2007). Arsenic in Drinking Water, Thematic 
Overview Paper 17. Online Source: 
http://www.irc.nl/content/download/29654/307381/file/TOP17_Arsenic_07.pdf, 
Accessed: March 19th, 2007.  
 
Islam, M.N., and M.N. Uddin, (2002). Country Paper on Hydrogeology, International 
Workshop on arsenic issues in Bangladesh, Theme Paper I – Hydrogeology and Arsenic 
contamination in Bangladesh. 
 
Islam, F.S., Gault, A.G., Boothman, C., Polya, D.A., Charnock, J.M., Chatterjee, D., and 
J.R. Lloyd, (2004). Role of metal-reducing bacteria in arsenic release from Bengal delta 
sediments.  Nature, 430, 68-71. 
 
Johnson, R., and H. Heijnen, (2001). Safe Water Technology for Arsenic Removal. In: 
Technologies for Arsenic Removal from Drinking Water. Bangladesh University of 
Engineering and Technology and The United Nations University, May, 2001. 
 
Kamal, A.S., and P. Parkpian, (2002). Arsenic Contamination in Hizla, Bangladesh: 
Sources, Effects and Remedies. ScienceAsia, 28, 181-189. 
 
Karim M.M., (2002). Arsenic in Groundwater and Health Problems in Bangladesh. Water 
Resources, 34 (1), 204-310. 
 
Katsoyiannis, I.A., and A.I. Zouboulis, (2004). Application of biological processes for the 
removal of arsenic from groundwaters. Water Research, 38, 17-26. 
 
Keast, Greg and Jingjing Qian (1999). Programming for Arsenic Mitigation in 
Bangladesh: The Work of UNICEF. Online source: 
http://www.earthinstitute.columbia.edu/library/earthmatters/sept1999/pages/page13.html, 
Accessed: February 7th, 2006. 
 
Khalequzzaman, M., Faruque, F.S., and A.K. Mitra, (2005). Assessment of Arsenic 
Contamination of Groundwater and Health Problems in Bangladesh. International Journal 
of Environmental Research and Public Health, 2 (2), 204-213. 
 
Kinniburgh, D.G., and W. Kosmus, (2002). Arsenic contamination in groundwater: some 
analytical considerations. Talanta, 58, 165-180. 
 
 
 
 
 



 

 102

Kinniburgh, D.G, Smedley, P.L., Davies, J., Milne, C.J., Gaus, I., Trafford, J.M., Burden, 
S., Ihtishamul Huq, S.M., Ahmad, N., and K.M. Ahmed, (2003). Chapter 8: The scale and 
causes of the groundwater arsenic problem in Bangladesh. In: Arsenic in Ground Water: 
Geochemistry and Occurrence. Welch, A.H. and Stollenwerk, K.G. (eds.), Kluwer 
Academic Publishers, Boston. 
 
Kumaresan, M., and P. Riyazuddin, (2001). Overview of speciation chemistry of arsenic. 
Current Science, 80 (7), 837-846.   
Levander, O.A., (1977). Metabolic Interrelationships Between Arsenic and Selenium. 
Environmental Health Perspectives, 19, 159-164. 
 
Leupin, O.X., Hug, S.J., and A.B.M. Badruzzaman, 2005. Arsenic removal from 
Bangladesh tube well water with filter columns containing zerovalent iron filings and 
sand. Environmental Science and Technology, 39, 8032-8037. 
 
Mandal, A.K. and K.T. Susuki, (2002). Arsenic round the world: a review. Talanta, 58, 
201-235. 
 
MIT, Massachusetts Institute of Technology, (2001). Arsenic Remediation Technologies: 
Online Information Database. Online source: http://web.mit.edu/murcott/www/arsenic/, 
Accessed January 10th, 2006. 
 
Marcus, S., (2006). Toxicity: Arsenic. Online Source: 
www.emedicine.com/emerg/topic42.htm, Accessed: April, 11, 2007. 
 
Mazumder, D.N.G., Haque, R., Ghosh, N., De, B.K., Santra, A., Chakraborty, D., and 
A.H. Smith, 1998.  Arsenic levels in drinking water and the prelevance of skin lesions in 
West Bengal, India. International Journal of Epidemiology, 27, 871-877. 
 
Melamed, D., (2004). Monitoring Arsenic in the Environment: A Review of Science and 
Technologies for Field Measurements and Sensors. EPA 542-R-04-002, 29 pp. Online 
Source: http://www.epa.gov/superfund/programs/aml/tech/news/asreview.htm, Accessed: 
April 25th, 2006.   
 
McArthur, J.M., Ravenscroft, P., Safiullah, S., Thirlwall, M.F., (2001). Arsenic in 
groundwater: testing pollution mechanisms for sedimentary aquifers in Bangladesh. 
Water Resources Research, 37 (1), 109-117. 
 
McCarty, K.M., Senn, D.B., Kile, M.L., Quamruzzaman, Q., Rahman, M., Mahiuddin, 
G., and D.C. Christiani, (2004). Antimony: An Unlikely Confounder in the Relationship 
between Well Water Arsenic and Health Outcomes in Bangladesh. Environmental Health 
Perspectives, 112 (8), 809-811.   
 
Miyazaki, K., Ushijima, K., Kadono, T., Inaoka, T., Watanade, C., and R. Ohtsuka, 
(2003). Negative Correlation between Urinary Selenium and Arsenic Levels of the 
Residents Living in an Arsenic-Contaminated Area in Bangladesh.  Journal of Health 



 

 103

Science, 49 (3), 239-242. 
 
Moinuddin, M., (2004). ACDIS: Drinking Death in Groundwater: Arsenic Contamination 
as a threat to Water Security. Online Source: 
www.acdis.uiuc.edu/Research/Ops/Moinuddin/cover.html, Accessed: March 26th, 2006. 
 
Moxon, A.L., (1938). The effect of arsenic on the toxicity of seleniferous grains. Science, 
88 (2273), 81. 
Moxon, A.L. and K.P. DuBois, (1939). The Influence of Arsenic and certain other 
elements on the Toxicity of Seleniferous Grains. Journal of Nutrition, 18, 447-457. 
 
Mukherjee, A.B., and P. Bhattacharya, (2001). Arsenic in groundwater in the Bengal 
Delta Plain: slow poisoning in Bangladesh. Environmental Reviews, 9, 189-220. 
 
Munir, A.K.M., Rasul, S.B., Habibuddowla, M., Alauddin, M., Hussam, A., and A.H. 
Khan, (2001). Evaluation of Performance of Sono 3-Kolshi Filter for Arsenic Removal 
from Groundwater Using Zero Valent Iron Through Laboratory and Field Studies. In: 
Technologies for Arsenic Removal from Drinking Water. Bangladesh University of 
Engineering and Technology and The United Nations University, May, 2001. 
 
NAE, National Academy of Engineering, (2007). 2007 Grainger Challenge Prize Gold 
Award Winner. Online Source: http://www.nae.edu/nae/grainger.nsf/weblinks/MKEZ-
6XYR4U?OpenDocument, Accessed: April 25th, 2007.   
 
NRC, National Research Council, (2004). Intentional Human Dosing Studies for EPA 
Regulatory Purposes: Scientific and Ethical Issues. Committee on the Use of Third Party 
Toxicity Research with Human Research Participants Science, Technology, and Law 
Program, National Research Council, The National Academics Press, 161-162. 
 
Nickson, R., McArthur, J., Burgess, W., Ahmed, K.M., Ravenscroft, P., Rahman, M., 
(1998). Arsenic poisoning of Bangladesh groundwater. Nature, 395, 338. 
 
Nickson, R.T., McArthur, J.M., Ravenscroft, P., Burgess, W.G., Ahmed, K.M., 2000. 
Mechanism of arsenic release to groundwater, Bangladesh and West Bengal. Applied 
Geochemistry, 15, 403-413. 
 
Ning, R.Y., (2002). Arsenic removal by reverse osmosis. Desalination, 143, 237-241. 
 
Ng, K-S, Ujang, Z., and P. Le-Clech, (2004). Arsenic removal technologies for drinking 
water treatment. Reviews in Environmental Science and Bio\Technology, 3, 43-53. 
 
NAISU, NGOs Arsenic Information and Support Unit, (2002). Arsenic 2002. Online 
Source: http://phys4.harvard.edu/~wilson/arsenic/conferences/arsenic2002.html, 
Accessed: February 12, 2006.   
 



 

 104

OCETA, Ontario Centre for Environmental Technology Advancement, (2001). 
Environmental Technology Verification – Arsenic Mitigation Program (ETV-AM): Field 
Testing Protocol, Volume 2. Supporting Information. Version 0, November 2001. 
 
OCETA, Ontario Centre for Environmental Technology Advancement, (2007). OCETA, 
Arsenic Mitigation Program, Online Source: http://www.oceta.on.ca/arsenic.htm, 
Accessed: March 15th, 2007. 
 
Oremland, R.S. and J.F. Stolz, (2003). The Ecology of Arsenic. Science, 300 (9), 939-
944. 
 
Opar, A., Pfaff, A., Seddique, A.A., Ahmed, K.M., Graziano, J.H, and A. van Geen, 
(2007). Respnses of 6500 households to arsenic mitigation in Araihazar, Bangladesh. 
Health and Place, 13, 164-172. 

 
Pande, S.P., Deshpande, L.S. and S.N. Kaul, (2001). Laboratory and Field Assessment of 
arsenic testing field kits in Bangaldesh and West Bengal, India. Environmental 
Monitoring and Assessment, 68, 1-18. 
 
Petrick, J.S., Jagadish, B., Mash, E.Q., and H.V. Aposhian, (2001). Monomethylarsonous 
acid (MMAIII) and arsenite: LD50 in Hamsters and in vitro inhibition of pyruvate 
Dehydrodenase. Chemical Research in Toxicology, 14, 651-656. 
 
Plant, J.A., Kinniburgh, D.G., Smedley, P.L., Fordyce, F.M., and B.A. Klinck, (2005). 
9.02 Arsenic and Selenium. In: Volume 9, Treatise on Geochemistry, Environmental 
Geochemistry, H.D. Holland and K.K. Turekian (eds.), Elsevier-Pergamon, Oxford, 17-
66. 
 
Rashid, H.R., (1978). Geography of Bangladesh. Westview Press, Boulder, Colorado. 
 
Ravenscroft, P., Burgess, W., Ahmed, K.M., Burren, M., and J. Perrin, (2004). Arsenic in 
groundwater of the Bengal Basin, Bangladesh: Distribution, field relations, and 
hydrogeological setting. Hydrogeology Journal, 13, 727-751. 
 
Reimann, K-U, (1993). Geology of Bangladesh. Tutte Druckerei GmbH, Germany. 
 
Rahman, M, M, Mukherjee, D., Chowdhury, U.K., Lodh, D., Chanda, C.R., Roy, S., 
Selim, M., Milton, A.H., Shadidullah, S.M., Rahman M.T., and D. Chakraborti (2002). 
Effectiveness and Reliability of Arsenic Field Testing Kits: Are the Million Dollar 
Screening Projects Effective or Not? Environmental Science and Technology, 36 (24), 
5385-94. 
 
Rhian, M., and A.L. Moxon, (1943). Chronic Selenium Poisoning in dogs and its 
Prevention by Arsenic. Journal of Pharmacology and Experimental Therapeutics, 78 (3), 
249-264. 
 



 

 105

RSC, Royal Society of Chemistry, (2007). Atomic absorption spectrometry. Online 
Source: www.chemsoc.org/pdf/LearnNet/rsc/AA.txt.pdf. Accessed: April 11th, 2007. 
 
Ruder, K., (2004). Ferns Remove Arsenic from Soil and Water. Genome News Network 
(GNN). Online source: 
http://www.genomenewsnetwork.org/articles/2004/08/06/fern.php?print=1, Accessed: 
March, 26, 2006. 
 
Saha, J.C., Dikshit, A.K., Bandyopadhyay, M., and K.C. Saha, (1999). A Review of 
Arsenic Poisoning and its Effects on Human Health, Critical Reviews in Environmental 
Science and Technology, 29 (3), 281-313.   
 
SOES, School of Environmental Studies, (2007). University Website. Online Source: 
http://www.soesju.org/, Accessed: April 15th, 2006. 
 
Shih, M-C, (2005). An overview of arsenic removal by pressure-driven membrane 
processes. Desalination, 172, 85-97. 
 
SIM (Serving in Mission) Bangladesh, (2006). Field Experience with SONO Filters. 
Donald M. Schroeder, May 25th, 2006. Online Source:  www.dwc-
water.com/fileadmin/images/PDF_Files/SIM_Report__3_.pdf, Accessed: April 16th, 
2007. 
 
Smedley, P.L., and D.G. Kinniburgh, (2002). A review of the source, behaviour and 
distribution of arsenic in natural waters. Applied Geochemistry, 17, 517-568.   
 
Smedley, P.L., (2003). Chapter 7: Arsenic in Groundwater- South and East Asia. In: 
Arsenic in Ground Water: Geochemistry and Occurrence. Welch, A.H. and Stollenwerk, 
K.G. (eds.), Kluwer Academic Publishers, Boston. 
 
Smith, A.H., Hopenhayn-Rich, C., Bates, M.N., Goeden, H.M., Hertz-Picciotto, I., 
Duggan, H.M., Wood, R., Kosnett, M.J., and M.T. Smith, (1992). Cancer Risks from 
Arsenic in Drinking Water. Environmental Health Perspectives, 97, 259-267. 
 
Smith, A.H., Lingas, E.O., and M. Rahman, (2000). Contamination of drinking-water by 
arsenic in Bangladesh: a public health emergency. World Health Organization, 78 (9), 
1093-1103. 
 
Soignet, S.L., Maslak, P., Wang, Z., Jhanwas, S., Calleja, E., Dardashti, L.J., Corso, D., 
DeBlasio, A., Gabrilove, J., Scheinberg, D.A., Pandolfi, P.P., and R.P. Warrell, (1998). 
Complete remission after treatment of acute promyelocytic leukemia with arsenic 
trioxide. The New England Journal of Medicine, 339 (19), 1341-1348. 
 
Spallholz, J.E., Boylan, L.M., and M.M. Rhaman, (2004). Environmental hypothesis: is 
poor dietary selenium intake an underlying factor for arsenicosis and cancer in 
Bangladesh and West Bengal, India? Science and the Total Environment, 323, 21-32. 



 

 106

Sweins, A., (1983). Protective effect of selenium against arsenic-induced chromosomal 
damage in cultured human lymphocytes. Hereditas, 98, 249-252. 
 
Sultana, F., (2006). Gender concerns in arsenic mitigation in Bangladesh: trends and 
challenges. In: APSU Selected papers on the social aspects of arsenic and arsenic 
mitigation in Bangladesh, Arsenic Policy Support Unit, Dhaka, Bangladesh: 53-84.  
 
Taylor, J.S., and M. Wiesner, (1999). Chapter 11: Membranes. In: Water Quality and 
Treatment - A Handbook of Community Water Supplies (5th Edition). Letterman, R.D. 
(ed). American Water Works Association. McGraw-Hill Inc., New York. 
 
Underwood, (1971). Trace elements in human and animal nutrition, 3rd edition. Academic 
Press, New York.  
 
UNICEF, United Nations Children’s Fund, (2004). Monitoring Arsenic in Water: 
Technical Bulletin No.8. Online source: 
http://www.supply.unicef.dk/catalogue/bulletin8.htm, Accessed: March 19, 2006. 
 
USGS, United States Geological Survey, (1989). Techniques of Water Resources 
Investigations, Chapter A1: Methods for Determination of Inorganic Substances in Water 
and Fluvial Sediments, Book 5: Laboratory Analysis. M.J. Fishman and L.C. Friedman 
(eds). 
 
van Geen, A., Zheng, Y., Versteeg, R., Stute, M., Horneman, A., Dhar, R., Steckler, M., 
Gelman, A., Small, C., Ahsan, H., Graziano, J.H., Hussain, I., and K.H. Ahmed, (2003). 
Spatial variability of arsenic in 6000 tube wells in a 25 km2 area of Bangladesh. Water 
Resources Research, 39 (5), HWC 3.1-3.16. 
 
van Geen, A., Ahmed, K.M., and J.H. Graziano (2005). Bangladesh’s Deadly Wells. The 
New York Times. Online Source: 
http://www.nytimes.com/2005/07/30/opinion/30vangeen.html?ex=1280376000&en=8ac1
51733e3e2d6a&ei=5088&partner=rssnyt&emc=rss, Accessed: January 8th, 2006. 
 
West Coast Analytical Service (WCAS), (2002). Arsenic Analysis and Speciation. Online 
Source: www.wcas.com/tech/arsenic.html 
 
vanLoon, G.W., Patil, S.G., and L.B. Hugar, (2005). Agricultural Sustainability: 
Strategies for Assessment. SAGE Publications, New Delhi, India.  
 
WHO, World Health Organization, 2000. Cholera Fact Sheet, Online Source: 
http://www.who.int/mediacentre/factsheets/fs107/en/index.html, Accessed: March 30th, 
2006. 
 
WHO, World Health Organization, (2004). Guidelines for Drinking Water Quality, 3rd 
Edition. Geneva. www.who.int/water_sanitation_health/dwq/gdwq3/en/., Accessed: April 
3rd, 2007 



 

 107

 
Winship, K.A., (1984). Toxicity of inorganic arsenic salts. Adverse Drug Reactions and 
Acute Poisoning Reviews, 3, 129-160. 
 
Wuyi, W., Linsheng, Y., Shaofan, H., Jian’an, T. and L. Hairong, (2001). Prevention of 
endemic arsenism with selenium. Current Science, 81 (9), 1215-1218. 
 
Yu, L.L., (2005).  Stability of Arsenic Species in Urine. Chemical Science and 
Technology Laboratory, National Institute of Standards and Technology. Health and 
Medical Technologies, 1. 
 
Zheng, Y., Stute, M., van Geen., A., Gavrieli, I., Dhar, R., Simpson, H.J., Schlosser, P., 
and K.M. Ahmed, (2004). Redox control of arsenic mobilization in Bangladesh 
groundwater. Applied Geochemistry, 19, 201-214. 
 
Zouboulis, A.I., and I.A. Katsoyiannis, (2005). Recent advances in the bioremediation of 
arsenic-contaminated groundwaters. Environment International, 31, 213-219. 
 
 


