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ABSTRACT 

88 available water samples from two gram-panchayats of the Bangaon subdivision were examined for 15 

physicochemical parameters to evaluate the groundwater quality. 85% of the samples from Chowberia-I 

and 89% of the samples from Kalupur were found unsuitable for drinking, according to the Water Quality 

Index (WQI) modeling. The average range of anionic concentrations in groundwater appears to be HCO3
− 

> Cl− > CO3
2−, which indicates that the water quality of the Bangaon is generally alkaline due to bicarbonate 

alkalinity. Calcium ion concentration (mean: 71.9 mg/L and 68.5 mg/L in Chowberia-I and Kalupur, 

respectively) prevailed over magnesium ion concentration (mean: 49.8 mg/L and 94 mg/L in Chowberia-I 

and Kalupur, respectively) which was determined for hardness. Both of the studied regions' groundwater is 

tainted with arsenic (As), with Kalupur having the highest quantity at 191 μg/L. Future cancer risk and non-

carcinogenic health problems are highly likely due to As, as the C.R. value exceeds the relevant 

acceptability threshold for each of the studied regions. Elevated levels of As in water pollution pose serious 

health concerns to people, with the potential to induce both cancer and non-cancerous disorders It is still 

difficult to remove arsenic from water effectively. To specifically remove total As (III + V) from water, this 

work produced green synthesized Fe-NPs using date seed powder. The removal effectiveness was 81.8% 

when the ideal parameters were met i.e.,180 rpm agitation, 120 min, pH 7, 1000 µg/L starting concentration, 

1 g/L adsorbent dosage. The highest absorption capacity was found to be around 818 µg/g after adsorption 

isotherm models were examined. The pseudo-second kinetic model (R2 = 0.99) best fitted the kinetic data 

and the chemisorption process of As adsorption onto iron nanoparticles was further validated by the amount 

of activation energy. However, general awareness, continuous maintenance, and monitoring are needed to 

achieve long-term safe water in respect to meet sustainable development goals. 

Keywords – Arsenics contamination; Groundwater; Health risk; Arsenic removal; Suitable approaches 
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CHAPTER 1: INTRODUCTION 

A healthy lifestyle requires access to clean, potable water. According to the “United Nations World Water 

Development Report” (2015), groundwater provides 50% of all municipal water sources globally (Lezier 

et al., 2017), which is the primary source of drinking water for approximately 2.5 billion people worldwide 

(Amprako, 2016). Besides being essential for human consumption, groundwater is also necessary for 

maintaining ecosystems and agro-economic action (Giordano, 2009). In India, 30% of city inhabitants and 

over 90% of the population live in rural regions that receive water from reservoirs (Adimalla et al.,2022) 

for agriculture and drinking. Studies show that overuse of this resource has rendered around 33% of the 

nation's subterranean water sources unfit for human use (Chakraborti et al., 2010). This explains why 

illnesses transmitted by water are responsible for around 80% of human disorders (Das et al., 2020). The 

current agricultural methods pose a severe threat to human health, especially when it comes to the overuse 

of fertilizers, agricultural runoff, unpleasant circumstances, and the dumping of sewage into subsurface 

water (Panigrahi et al., 2012). The subsurface environment, seasonal variations, leached dissolved salts, and 

water depth may all impact the overall quality of groundwater (Ram et al., 2021). Along with inherent 

substances such as dissolved minerals and metals, anthropogenic chemicals, diseases, and microbes can 

also taint water quality which can destroy aquatic life, render water unsuitable for human use in industry or 

agriculture, and make it unpotable. The impacts of groundwater pollution can harm not just water supply 

wells and aquifers, but also surface water sources as they move toward rivers and lakes, thereby causing 

harm to the environment (Das et al., 2021; Taki et al., 2003). 

 Among the environmental disasters, the pollution of groundwater with arsenic (As) is naturally unearthed 

from its sediments (Chakraborti et al., 2013). Albertus Magnus made the discovery of As, a harmful 

metalloid with an atomic number of 33 and an atomic weight of 74.922. It is located in the 15th group of the 
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4th period of the periodic table (Uddin et al., 2020). This metalloid can be found in both oxidizing as well 

as reducing environments (Ni et al., 2016). Mainly, it is due to the oxidative dissolution of As-rich iron 

pyrite and the reductive dissolution of As-rich iron oxyhydroxide. The most widely accepted theory is that 

As is mobilized by the microbial decomposition of FeOOH in a reducing environment. This theory is further 

reinforced by some significant connections between dissolved As and Fe, methane, and ammonia in 

groundwater (Chakraborty et al., 2015). The Ganga Meghna Brahmaputra (GMB) plain populace, 

especially in India, is under constant threat from natural groundwater As poisoning (Chakraborti et al., 

2018; Goswami et al., 2020). Many countries throughout the world, including the USA, Germany, 

Argentina, Bangladesh, Cambodia, China, Hungary, India, Mexico, Nepal, Pakistan, Romania, Vietnam, 

and the USA, have groundwater containing arsenic compounds at levels that are harmful to human health. 

Several West Bengal districts have been badly impacted, including Purba Bardhaman, Paschim Bardhaman, 

North 24 Parganas, South 24 Parganas, Hooghly, Nadia, and Maldah (Das Gupta and Shaw, 2014). The 

local populace from all these regions exhibits higher doses of As intake in their drinking water than the 

WHO's recommended limit of 10 μg/L (He et al., 2020). 

Prolonged exposure to As contaminated groundwater can have adverse impacts on one's health, suppressing 

the immune system and boosting the risk of getting certain cancers, including kidney, lung, skin, and 

bladder cancers, as well as other medical conditions like diabetes, pulmonary diseases, cardiovascular 

diseases, keratosis, and issues with skin pigmentation (Guo et al., 2008; Rehman et al., 2020; Sanjrani et 

al., 2019). After absorption, As is notably accumulated in reserve in the heart, lungs, liver, and kidney. 

Muscles and neural tissues have a lower concentration of As (Singh et al., 2011). According to Goswami et 

al. (2020), methylation of arsenic is primarily influenced by the dose, form, and route of exposure as well 

as the exposed person's dietary history. A major factor in As toxicity is its metabolism, which is responsible 

for blocking around 200 enzymes that are involved in DNA synthesis and repair, cellular energy routes, and 
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other processes. This induced toxicity can be prevented by consuming a nutritious diet that includes vitamin 

C, α-tocopherol, flavonoids, polyphenols, and anti-toxic micronutrients like zinc (Zn) and selenium (Se) 

(Das et al., 2021; Rahman et al., 2019). For example, adequate consumption of Se produces more 

glutathione sulfhydryl (GSH) in the body, which counteracts free radical damage produced by As, which 

in turn maintains good health (Steinbrenner and Sies, 2009).  

It had been thought that the shallow-depth aquifer's groundwater was more polluted with As than the deeper 

tube wells (Chakraborti et al., 2009; Das et al., 2024). But because of the depletion of groundwater, As has 

seeped into deep levels of the aquifers, contaminating the deep aquifers. Roughly 51.4% and 17.3% of the 

tube wells in the 17 blocks of Nadia district had As levels over 10 and 50 μg/L, respectively, indicating that 

groundwater in these blocks is contaminated with As (Rahman et al., 2014), which makes the water 

unpotable for human consumption. 50% of the tube-well in the Bangaon sub-division of the North 24 

Parganas district exceeded the WHO drinking water standard of 10 μg/L, values varied from less than 10 

μg/L to 160 μg/L (Bacquart et al., 2012). To address the As pollution in drinking water, several mitigation 

techniques have been implemented thus far. These include the use of pipeline water supply after appropriate 

treatment, the construction of new, relatively deeper hand pumps, the development of multiple As removal 

facilities, the drilling of wells, etc. (Halder, 2019). Yet, in remote border areas where pipeline infrastructures 

are impractical due to budgetary and logistical constraints, hand-pumped tube wells continue to serve as the 

principal source of drinking water (Jessoe, 2013; Sultana, 2011). This explains why it is now imperative to 

treat groundwater using low-cost, environmentally friendly, and sustainable methods to safeguard the health 

of at-risk people in the countryside. Groundwater may be treated to remove As using diverse methods, 

including membrane-based processes, ion exchange, and more conventional techniques, including 

adsorption followed by filtration, oxidation, coagulation, and co-precipitation.  
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Nonetheless, due to ignorance; lack of access to clean water, and reluctance to contribute to the costs of a 

community clean water supply program which is seen to be essential to the operation of an efficient 

sustainable approach, many people continue to use As-contaminated water. Thus, maintaining and 

monitoring overall water quality has become significant for safeguarding ecosystems and public health. 

Several physical (pH, temperature, total solids, color, conductivity, turbidity, odor) and chemical (alkalinity, 

acidity, total iron (Fe), phosphate, hardness, chloride, fluoride, As), tests are used to assess water quality. 

Scientists, responsible authorities, and environmental organizations can ascertain if water bodies satisfy 

regulatory criteria and locate possible sources of pollution by analyzing these parameters. Additionally, 

studies have indicated that knowledge and awareness help develop legislation in places where As-induced 

health problems are common.  
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CHAPTER 2: LITERATURE REVIEW 

2.1. Biochemistry and different forms of arsenic 

In the current periodic table, As (Latin: Arsenicum) is a metalloid compound classified in Group 15 (VA) 

and Period 4 between germanium and selenium. It is mostly found in three allotropic forms: metallic gray, 

black, and yellow. The most prevalent one is the gray one. As has 33 isotopes ranging from 60As to 92As, 

among these 75As is the most stable form which makes it a monoisotopic compound in nature (Binkowski 

et al., 2019). There are four possible oxidation states for As in the environment: +V (arsenate), +III 

(arsenite), 0 (arsenic), and -III (arsine) (Sharma et al., 2009). 

Table 1. Chemical properties of arsenic (Binkowski et al., 2019) 

Atomic number 33 Melting Point (°C) 817 

Atomic weight 74.922 Boiling Point (°C) 615 

Oxidation numbers (+)3, (+)5, 0, (-)3 Electronegativity (Pauling) 2.18 

Density at 20°C (g/cm3) 5.73 Heat of fusion (kJ/mol) 24.44 

Electronic Configuration [Ar]3d104s24p3 Radius: covalent (A°) 1.19  

1st Ionization Energy (kg/mol) 947 Radius: Ionic (A°) 0.72 

Heat of vaporization (kJ/mol) 32.4 Critical temperature (atm) 1,427 

 

Numerous kinds of As are available, but the two most common types are organic and inorganic compounds. 

Among these two inorganic forms of As are more toxic. Trivalent As (As3+, Arsenite) and pentavalent As 

(As5+), the two most prevalent types of As found in natural water bodies, are both extremely hazardous 

inorganic species (Singh et al., 2011). Some other inorganic As compounds are monomethyl arsinic (MMA) 

[(CH3As(O)(OH)2)]; dimethyl arsonic (DMA) [(CH3)2As(OH)]; sodium arsenite, etc. Organic As 
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compounds, including arsenochlorine; arsenobetaine; and arsenosugars, which are non-carcinogenic, are 

found in marine environments. The toxicity of As is arranged in the following manner:  

As (III) > MMA (III) > DMA (III) > DMA (V) > MMA (V) > As (V) 

 

Fig. 1. Chemical structures inorganic and organic arsenic compounds 

2.2. Occurrence, distribution, and sources of arsenic 

It is omnipresent in the Earth’s crust and makes up around 0.00015% of it, along with soil, air, water, and 

sediments (Chen et al., 2021). Thus, it can penetrate groundwater through the weathering of rocks and 

minerals. Major arsenic-containing minerals include realgar (AsS), cobaltite (CoAsS), orpiment (As2S3), 

arsenolite (As2O3), and arsenopyrite (FeAsS). It can also be entrapped in sulfide, iron, silicate, nickel, and 

carbonate-containing minerals such as quartz (SiO2), magnetite (Fe3O4), and pyrite (FeS2), among others. 

Other anthropogenic sources include burning fossil fuels, arsenical pesticides, herbicides, fertilizers, and 
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industrial and animal waste. Due to the trace amounts of pyrite found in sulfide-rich coals, burning coal can 

also increase the amount of As in the atmosphere (Neumann et al., 2010; Pacyna and Pacyna, 2001). 

Fig. 2.  Different sources of arsenic in groundwater (Hare et al., 2019) 

2.3. Arsenic mobilization in groundwater 

The presence of As in natural water bodies has drawn a lot of interest in the last several years. According 

to WHO standards, the regulation limit for As in drinking water is normally 10 μg/L, with a maximum 

allowable content of 50 μg/L still in effect in a few countries. There are trace amounts of organic As in 

natural waterways whereas, the most prevalent species are inorganic As species, such as arsenite [As (III)] 

and arsenate [As (V)] (Herath et al., 2016). The intricate biogeochemical interactions that are influenced by 

an array of chemical, psychological, and natural factors—such as sedimentological settings, sedimentation 

history, groundwater abstraction, particle adsorption along with desorption actions, dissolved organic 

carbon, and microbes—are primarily responsible for the processes of As mobilization (Bhowmick et al., 

2013; Nath et al., 2009). It is evident that the concentration of As increases somewhat when nitrate; sulfate 

concentrations decrease and pH is lower in groundwater which implies that reduced conditions within the 

aquifer system are linked to elevated As concentrations (Kar et al., 2010). The following are the mechanisms 

resulting in the release of As into groundwater: 
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i. Pyrite Oxidation Theory (group from Jadavpur University, Calcutta): The oxidation of 

arsenopyrite led to the release of As into groundwater, confirming the underlying theory of pyrite 

oxidation. It is known that when the water table is lower than these deposits, atmospheric oxygen 

gets into the aquifers and diffuses into the pore space and groundwater, facilitating this process. As 

a result, the groundwater was exposed to a water-soluble form of As that was produced by the 

interaction between the arsenopyrite and the available oxygen (Chakraborti et al., 2003; Chowdhury 

et al., 1999; Singh et al., 2006). 

4FeAsS + 13O2 + 6H2O → 4 FeSO4 + 4 H2AsO4
− + 4H+ 

ii. Theory of iron oxyhydroxide reduction (group from University College London): After being 

abrasively transported down the Ganges, rocks containing As adhered to iron oxyhydroxide 

(FeOOH). An alluvial aquifer was created near the Gangetic Delta by the deposits of iron 

oxyhydroxides that were high in As. The aquifer received organic carbon via a variety of activities, 

including agriculture, flooding, and the burial of plants. Because of the organic carbon that served 

as food for the bacteria, the aquifer's anaerobic bacteria are using the organic matter, as evidenced 

by the methane that is present in the water. As so, this biological activity lowers the groundwater's 

redox potential. This reducing environment causes the iron oxyhydroxide to decompose, which 

allows absorbed As to enter the groundwater. 

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

iii. Arsenic is exchanged competitively with other suitable ions, such as nitrate, phosphate 

(Chowdhury et al., 1999), and bicarbonate (Nickson et al., 2000). 

2.4. Arsenic contamination in groundwater  

2.4.1 International status/ worldwide scenario 



Page | 9  
 

Since the previous 20 years, one of the most significant problems worldwide has been groundwater 

pollution. Numerous investigations conducted on various aquifers throughout the globe have revealed As 

concentrations over 50 μg/L, which can undoubtedly result in serious health issues. The countries with the 

greatest levels of As pollution worldwide include Argentina, Hungary, Mexico, and several regions of the 

United States. Arsenic pollution is a serious risk in Southeast Asian countries such as Bangladesh, China, 

Nepal, Vietnam, and India (Ali et al., 2019). Australia is the most As-contaminated nation in the world; 

concentrations of As have been recorded as high as 300 mg/L. Major sources of As release into groundwater 

have been identified as mineral extraction, weathering of sulfide-bearing rocks, and volcanic activity (Boyle 

et al. 1998). An arsenic concentration of 100 mg/L was found in groundwater from Canada, mostly 

contaminated due to geothermal springs and mining operations under oxidizing circumstances (Kim et al., 

2002). Approximately 43% and 27%, respectively, of the over 50,000 hand tubewell water samples 

evaluated throughout every one of the 64 districts of Bangladesh had As concentrations over 10 μg/L and 

50 μg/L, (Chakraborti et al., 2004). About 30 million individuals in Bangladesh are being exposed to 50 

μg/L of As-contaminated water because of the naturally occurring high levels of As in the country's 

groundwater (Kinniburgh & Smedley 2001). Despite subsurface systems in Thailand not yet being shown 

to contain arsenic, adjoining surface contamination from metallic mineral extraction has resulted in a 

considerable amount of As. According to analyses, the amounts of dissolved As in surface and groundwaters 

in Thailand are up to 500 times higher than what is considered acceptable for human health which can cause 

skin and internal organ malignancies (Herath et al., 2016). The most frequent source of As-rich sub-surface 

waters is assumed to be the dissolution of As from iron oxide that has been accumulated in aquifer 

sediments. One of the main sources of As released into the alkaline groundwater of the western United 

States of America has been identified as iron oxide, which is connected to igneous volcanic rocks and saline 

aquifers. Additionally, sulfide minerals may function as both a source and a reservoir for As (Cummings et 
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al., 1999; Islam et al., 2013). Table 2 shows As concentration of groundwater from different countries 

throughout the world. Table 2 shows As concentration in groundwater from different countries throughout 

the world. 

Table 2. Arsenic concentration in groundwater from different countries throughout the world 

Serial 
Number 

Country Region Source 
Groundwater 
Arsenic level 

(μg/L) 
References 

1 Africa 
Ghana, 

Tanzania, and 
Ethiopia 

Sulfide minerals, iron oxides, 
gold mining 

<1–141, upto 
1760ௗ 

Irunde et al., 2022; 
Smedley et al.,1996  

2 Argentina 
southwest of the 
Chaco-Pampean 

plain 

Limestone sediments; 
embedded ash layers from 

volcanic eruptions; iron and 
manganese oxides 

< 13–621  Mariño et al., 2020 

3 Bangladesh Comilla 
reduction of iron and 

manganese oxyhydroxides 
2 - 360  Saha et al., 2020 

4 Brazil 
lower Paraíba 
do Sul River 

Abundance of sulfate and 
organic substances 

0.13 - 38.8  
Meneguelli-Souza et 

al., 2020 

5 China Shaanxi 
outflow of sewage from 

factories and natural 
sediments 

1.2 – 19  Zhang et al., 2019 

6 India West Bengal 
Reductive breakdown of 

iron-oxyhydroxide, excessive 
groundwater abstraction 

<3–213  De et al., 2022 

7 Nepal 
Nawalparasi-
West/Parasi 

clastic minerals produced 
from weathering, glaciers, or 

landslides 

1048 (pre-
monsoon); 

529 (wet season) 
Gyawali et al., 2022 

8 Pakistan 
Pind Dadan 

Khan 

waterlogging, mineral 
extraction, pesticides, iron 
hydroxide and bi-carbonate 

minerals 

0.5 - 100  Ullah et al., 2023 

9 South Korea 
Chungcheong 

Province 

Mining, precipitation of 
sulfide minerals (e.g., 

orpiment; As2S3) 
50  Kim et al., 2023 

10 Thailand Lampang Basin 
weathered rocks, co-
precipitated Fe (III)-

oxyhydroxides in sediments 

10.7 [shallow 
groundwater]; 

51.0 [deep 
groundwater]  

Santha et al., 2022 

 

2.4.2. National status/Indian scenario with special emphasis on West Bengal  
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India's household, industrial, and irrigational water demands are mostly dependent on groundwater, 

especially in the fertile alluvial districts of the Ganga and Brahmaputra rivers. Because of the substantial 

drops in the water table caused by extensive extraction in this region, groundwater is contaminated with As 

(Khan et al., 2016; Saha et al., 2019). On the other hand, the Deccan plateau region of the Indian 

subcontinent consists of hard rock aquifers which is another source of As in groundwater. In the gold-

mineralized regions in Karnataka, As is associated with sulfide mineralization, particularly arsenopyrite 

whereas, in Chhattisgarh, As contamination is linked to acid volcanics (Shaji et al., 2021).  

Especially, in West Bengal, groundwater intoxication with As was first documented in 1984 (Garai et al., 

1984). At the Department of Dermatology, School of Tropical Medicine, K. C. Saha provided the first 

treatment of As poisoning in West Bengal in 1983 (Bhowmick et al., 2018). Alluvium sediments which are 

the result of erosion of Himalayan sediments containing sulfide minerals, are the geogenic source of As in 

West Bengal (Mukherjee et al., 2009). Table 3 shows As concentration of groundwater from different 

states/UT of India focusing on different states of West Bengal.  

Table 3. Arsenic concentration in groundwater from different states/UT of India focusing on different states 

of West Bengal 

Serial 
Number 

State/ Union 
Territory 

Region Source 
Groundwater 

Arsenic level (µg/L) 
References 

1 Bihar 
Patna, Saran, 

Vaishali 

Holocene aquifers with Iron 
oxide films on clay and 

quartz rocks 
2 - 780.1 Pal et al., 2023 

2 Maharashtra 
Mumbai (Malad 

landfill) 
Landfill leachate 1800 Gani et al., 2024 

3 Uttar Pradesh Bahraich 
Anthropogenic, geogenic 

(Alluvium Plain) 
14.82 Singh et al., 2022 

4 Assam Majuli Island 
Iron oxide minerals, 

Holocene rocks 
ௗ137 

Goswami et al., 
2020 

5 West Bengal 

Nadia 
Geogenic, agricultural 

runoff 
350 Das et al., 2016 

Murshidabad 
Weathered Arsenic bearing 
rocks, agricultural runoff 

86 - 513 (pre-
monsoon) and 59–

431 (post-monsoon) 
Mishra et al., 2022 
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Fig. 3. Groundwater arsenic contamination status in West Bengal (Till 2009) (Chakraborti et al., 
2009) 

Kolkata 
Reductive dissolution of 

FeOOH 
825 

Chakraborti et al., 
2017 

South 24 
Parganas 

Dissolution of Arsenopyrite 
mineral 

56.2 De et al., 2022 

North 24 
Parganas 
(Gaighata 

block) 

Aquifers rich in As-bearing 
minerals, excessive 

extraction of groundwater 
154 Das et al., 2024 

Howrah 
Geogenic, industrial 

discharge 
275 

Bhattacharya et al., 
2018 

6 Chhattisgarh Rajnandgaon 

Excessive amounts of 
dissolved organic carbon, 

and reductive ferric 
oxyhydroxides 

150 - 990 Patel et al., 2017 

7 Tamil Nadu Tuticorin 
Leachate of industrial waste, 

arsenic trioxide 
0.87 - 84 Selvam et al., 2017 
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2.5. Different mitigation techniques for arsenic removal  

When it comes to eliminating As from drinking water as well as groundwater treatment, many techniques 

are frequently used. These techniques are: 

2.5.1. Adsorption: The process of molecules or particles adhering to a solid surface from a fluid state (gas, 

liquid, or dissolved solids) is known as adsorption. The material being adsorbed is known as the adsorbate, 

and this surface is commonly referred to as the adsorbent. This process can be done in two ways; physical 

adsorption (a non-specific weak force such as Van Dar Waals force between adsorbent and adsorbate which 

is reversible and varies with temperature and pressure), chemical adsorption or chemisorption (stronger 

chemical bonds formation between adsorbate and adsorbent surface). The difference between physical 

adsorption and chemisorption is shown in Table 4. Adsorption isotherms provide insight into the study of 

the adsorption process. The key trend lines that define the processes controlling the adsorption or migration 

of compounds through a liquid state to a solid surface at an optimum temperature and pH are called 

adsorption isotherms (Sarkar et al., 2016). Freundlich, BET, and Langmuir isotherms are the most favored 

isotherm models (Chakraborty et al., 2012). Activated charcoal (Eguez et al., 1987), activated alumina 

grains (Lin et al., 2001), granular ferric hydroxide (Driehaus et al., 1998), iron oxide-coated sand (Gupta et 

al., 2005), red mud (Altundogan et al., 2002), aluminum alginate (Gupta et al., 2009), Portland cement 

(Kundu et al., 2004) and activated carbon doped with silver and copper (Jubinka et al., 1993) are some of 

the materials that are used as adsorbent in the context of arsenic adsorption. Nowadays, academics are 

becoming interested in using bio-adsorbents mostly from waste substances—like modified fly ash 

 Adsorption 

 Oxidation 

 Coagulation 

 Biological treatment 

 Ion exchange 

 Membrane filtration 

 Electrokinetic method 

 Chemical precipitation 
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(Pattanayak et al., 2000), coconut shell (Mohan et al., 2005), chitosan (Kwok et al., 2014), powdered 

eggshells (Oke et al., 2008), chicken feathers (Khosa et al., 2014), sugarcane straw (Soares et al., 2021), 

rice husk (Amin et al., 2006), flower petals (Upadhyay et al., 2023) and nanomaterials made of iron and 

oxides (Luther et al., 2012) or carbon nanotubes (Sankararamakrishnan et al., 2014) to remove As from 

contaminated water. 

According to Goyal et al. (2022), aluminum oxides/hydroxides nanoparticles which were synthesized by 

electrolyzing aluminum electrodes in distilled water at a current density of 195 A/m2 (Rathore et al., 2017), 

have shown effective simultaneous removal of As, with maximal Langmuir adsorption capacity 0.833 mg/g 

under the ideal working substances (pH 7, contact time 300 min, temperature 25 °C). 

Chitosan, a non-toxic biopolymer made up of chitin that occurs naturally in the exoskeleton of crustaceans 

like crabs; and shrimps, has remarkable effectiveness in adsorbing arsenic ions due to the presence of amino 

(-NH2) and hydroxyl (-OH) groups that enhance ion exchange, hydrogen bonding, and chelation. Its 

effectiveness is attributed to its hydrophilic nature, biocompatibility, biodegradability, and antibacterial 

qualities. The ability to absorb the molecules of this polymer is regulated by pH, mostly in acidic 

environments. Gupta et al. (2013). have shown the effective use of chitosan-Fe composites for As 

remediation. 

Adsorption capacity depends on different variables, such as pH, temperature, agitation speed, starting 

concentration, adsorbent dose, and equilibrium duration. Using kinematic and equilibrium isotherm models, 

such as Langmuir, Freundlich, Temkin, D-R, and their analogs, single and competitive adsorption systems 

were examined. The competitive interactions, affinity, and adsorption capacity are clarified by these 

models. The ability of adsorbents to be utilized for both simultaneous and single-contaminant removal was 

confirmed by regeneration testing.  
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Table 4. Difference between physical adsorption and chemisorption (Aljamali et al., 2021; Rouquerol et 

al., 2013) 

Property Physical Adsorption Chemisorption 

The character of the bond Weak van der Waals forces Strong chemical bonds (covalent or ionic) 

Adsorption Heat 20-40 kJ/mol 80-200 kJ/mol 
Specificity and layer 

formation 
Form non-specific multilayer Form highly specific multilayer 

Reversibility Generally reversible Generally irreversible 

Correlation with 
temperature 

Decreases with increasing temperature 
Increases with increasing temperature 

until optimal point 

Surface Interaction 
No significant alteration of the adsorbent 

surface 
May cause surface rearrangement or 

modification 

Example 
Adsorption of water vapor on silica gel, 
adsorption of gases like N₂, and O₂ on 

activated carbon 

Adsorption of oxygen on a silver (Ag) 
surface, adsorption of carbon monoxide 

(CO) on palladium (Pd) 
 

Table 5. Comparison between the adsorption capacities of various adsorbents 

Sl. No Adsorbent material 
Adsorption capacity 

(mg/g) 
Mechanism References 

1 
Fe (III) oxide-hydroxide 

and charcoal 
As (III) -0.72 

Porous surface area and 
formation of inner-sphere 

complexes 
Hossain et al., 2023 

2 
municipal solid waste and 

KOH mixed municipal 
solid waste biochar 

24.49 and 30.98 Porous surface area Srivastav et al., 2022 

3 
graphene oxide-iron 

nanohybrid 
As (V)-431, As (III) -306 Redox reactions Das et al., 2020 

4 Fly Ash agglomerates 5.7 
Binding with reactive 

sites and minerals 
Ulatowska et al., 

2014 

5 activated laterite 32.5 
Ion exchange and surface 

complexation 
Mondal et al., 2017 

6 
Poly (Zirconyl 
dimethacrylate) 

As (V)- 4.26, As (III)-4.22 
Forming an inner-sphere 

complex with ZrOH  
Gupta et al., 2024 

7 Fe-Bentonite 0.5637 
Increasing adsorption 

sites 
Meena et al., 2023 

8 
Aligned α-FeOOH 

nanorods 
56.4 ligand exchange Fu et al., 2017 
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2.5.2. Oxidation: It is a chemical process where a substance loses electrons which frequently increases the 

oxidation state of that substance with the help of oxidizing agents (Maity et al., 2021). Some of the oxidizing 

agents are Oxygen (O₂), hydrogen peroxide (H₂O₂), potassium permanganate (KMnO₄), and chlorine (Cl₂). 

For example, H₂O₂ oxidized ferrous ion (Fe²⁺) to produce ferric ion (Fe³⁺). 

                                                  2Fe2++H2O2+2H+→2Fe3++2H2O 

This process can be categorized into several types. 

a) Thermal Oxidation 

b) Chemical Oxidation 

c) Electrochemical Oxidation 

d) Photochemical Oxidation  

e) Biological Oxidation 

2.5.3. Coagulation and precipitation: These chemical processes are used for eliminating dissolved 

elements and suspended particles from liquids, especially water, and wastewater. While coagulation 

destabilizes particles and permits them to combine, precipitation is the process by which solid large particles 

are formed from dissolved substances through sedimentation, filtration, or centrifugation process (Garelick 

et al., 2005). 

a) Mechanism of coagulation- Coagulants (e.g., aluminum sulfate, ferric chloride, etc.) that carry 

positive charge neutralize the negatively charged colloids present in water and as a result Van 

der Waals forces cause them to aggregate, generating micro-flocs. By moderate mixing, these 

micro-flocs grow into bigger, more settleable flocs. It can be divided into three types, such as 

Chemical Coagulation, Electrocoagulation, and Biological Coagulation. 

b) Mechanism of precipitation- Reagents such as lime, and sodium hydroxide react with the 

dissolved compounds to form an insoluble substance that can be separated through 
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sedimentation and filtration processes. It can be divided into two types, such as Chemical 

Precipitation and hydroxide Precipitation (Pio et al., 2015). 

For this these methods are used in different industries such as the treatment of river water in municipal 

drinking water plants; textile wastewater treatment; and industrial wastewater treatment. 

2.5.4. Ion exchange: It is a reversible process that involves exchanging ions on a solid phase—typically an 

ion exchange resin—for ions in a liquid phase. The resin retains the exchanged ions as the liquid moves 

along a column, leaving it with a different ionic composition (Karakurt and S., 2019). The pharmaceutical, 

metal recovery, food and beverage, wastewater treatment, soil conditioning, and radioactive waste 

management industries are among the industries that employ this technique extensively for ion removal and 

purification (Hu et al.,2018). This process can be categorized into two types, such Cation Exchange, and 

Anion Exchange 

2.5.5. Membrane filtration: Semi-permeable membranes, such as polyether sulfone, polysulfone, or 

polyvinylidene fluoride, are used in this separation process to filter particles, microbes, and dissolved 

compounds out of liquids. Water treatment, medicines, ceramics, metals, and polymers are among the 

materials employed extensively in the production of these thin, porous, or nonporous membranes (Zakhar 

et al., 2018). 

This process is classified into five categories. 

a) Reverse Osmosis (RO) - Pore sizes of the membrane are <0.001 micrometers 

b) Nan filtration (NF) - pore size of the membrane is 0.001- 0.01 micrometers  

c) Microfiltration (MF) - membrane pore sizes vary from 0.1-10 micrometers 

d) Ultrafiltration (UF) - membrane pore sizes vary from 0.01-0.1 micrometers 
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e) Forward Osmosis (FO) - water is driven through a semi-permeable membrane using this 

technique creating a natural osmotic pressure difference between an inflow solution and a draw 

solution.  

2.5.6. Electro-kinetic method: This technique involves passing a low-voltage direct current (DC) electric 

field across the material to treat soils, sediments, and sludge (Li et al., 2019). Through a variety of 

electromigration (ions and charged particles move toward electrode with opposite charge- cations to the 

cathode, anions to the anode), electrophoretic (via sludge or soil, electrified colloidal particles and fine 

solids go in the direction of the opposing charge electrode), electro-osmotic (under an electric field, water 

travels from the anode to the cathode through a porous media carrying dissolved pollutants) and electrolysis 

processes (decomposition of water and compounds at electrodes generates gases and causes pH change), 

this procedure mobilizes and eliminates pollutants (Mao et al., 2016). This method is used in various fields 

like wastewater treatment plants; road construction; mining and metallurgy; and remediation of a site 

contaminated with lead and arsenic. 

2.5.7. Biological treatment: In this process, microorganisms break down organic matter and convert 

harmful substances into less toxic forms through aerobic or anaerobic metabolism (Hayat et al., 2017). 

Some of these are- aerobic treatment (municipal wastewater treatment); anaerobic Treatment (industrial 

wastewater treatment); constructed wetlands (agricultural runoff treatment); biofilters (industrial effluents 

and stormwater treatment) etc. 

Table 6. Working principle, advantages, and limitations of multiple techniques 

Technique Working principle Advantages Limitations 

Adsorption 

Employing diverse 
physical forces, 

contaminants are drawn to 
the outermost layer of a 

High As removal effectiveness, 
inexpensive, easy to handle, use, 

and maintain. 

Water chemistry can have an 
impact on adsorption capacity. 

 Less hazardous residues. 
It might be problematic to 
dispose of used adsorbent. 
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solid substance known as 
an adsorbent. 

Regenerative and reusable 
Adsorbent may need regular 

refilling. 

Oxidation 

The oxidizing agent is 
added to water to 

chemically change 
pollutants into less 

dangerous ones. 

Useful in getting rid of organic 
pollutants like pesticides, 

pharmaceuticals, and volatile 
organic compounds by oxidized 

metals. 

 Exorbitant chemical expenses. 

Taste and odor are eliminated.  
Possibility of hazardous by-

product formation. 
 Contaminants' biological 

degradation may be enhanced. 
 Demands that oxidants be 

handled carefully. 

Coagulation 

Coagulants are chemicals 
that agglomerate and 

destabilize colloids and 
suspended matter to 
facilitate removal. 

Successful elimination of solids 
in suspension. 

Chemical utilization. 

Pathogen elimination. Creation of sludge. 
 Adaptable—it may be applied to 

other procedures. 
Expense (chemicals and 
processing of sludge). 

Improves filtration and 
sedimentation. 

Needs careful dose management. 

Rapid procedure 
Adjusting the pH can be 

necessary. 

Biological 
treatment 

Organic substances and 
biodegradable 

contaminants are broken 
down by microorganisms 
into nontoxic byproducts. 

Economical when it comes to 
organic contaminants. 

Proceed slowly. 

Microbiological procedure that 
occurs naturally. 

pH, temperature, and pollutants 
all affect it. 

Elimination of nutrients. Has to be closely observed. 
Lowers COD and BOD. could create an odor. 

able to manage substantial 
wastewater flows. 

Needs room for medical 
facilities 

Ion exchange 

Different ions are released 
in exchange for the ions 

that the ion exchange resin 
specifically adsorbs from 

the water. 

The elimination of certain ions 
only. 

Fouling of resin. 

Resins that can regenerate. 
Chemically dependent for 

regeneration. 
Enhanced effectiveness. Expense (first setup and upkeep). 
May attain very low ion 

concentrations. 
Restricted ability to handle 

heavy pollutant loads. 
Comparatively easy to use Possibility of secondary waste 

Membrane 
filtration 

Depending on the size of 
their pores, semi-

permeable membranes 
physically segregate 

dissolved materials and 
particles. 

High effectiveness of 
elimination. 

The clogging of membranes. 

An actual physical defense 
against pollutants. 

High energy content. 

Adaptable to various capacities. High cost of capital at first. 
Eliminates dissolved materials, 

particles, and bacteria. 
Has to be replaced or cleaned on 

a regular basis. 
Little to no chemical usage Membranes' limited lifetime 
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Chemical 
precipitation 

It is via sedimentation or 
filtering that chemicals 

that cause the production 
of insoluble precipitates 

are eliminated. 

Effective against inorganics and 
heavy metals and also decreases 
the soluble nature of pollutants. 

Chemicals like lime, alum, or 
ferric salts that are used for 

precipitation, generate sludge. 

Straightforward process. 
Expenses can be high (for sludge 

management and chemicals). 

Speedy medical attention. 
A pH correction could be 

necessary. 
Can be paired with additional 

techniques. 
The possibility of just partially 

eliminating pollutants 

Electrokinetic 
method 

By a variety of 
electrochemical 

techniques, electrical 
fields improve the 
transportation and 

treatment of pollutants. 

Groundwater and soils are 
treated in situ. 

Excessive energy use and time 
taken process. 

Pollutants are removed 
selectively (organics and heavy 

metals). 

Complicated setup that needs 
certain tools and knowledge 

Minimal chemical usage which 
makes it non-intrusive during the 

treatment procedure. 

Restricted application (certain 
pollutants and circumstances). 
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CHAPTER 3: STUDY OBJECTIVES  

The objective of this study, titled “Arsenic contamination in groundwater and possible mitigation using 

suitable eco-friendly approaches: A study in selected endemic areas of West Bengal, India” is the 

following- 

• Estimation of As to evaluate its present contamination status in groundwater and assessment of 

community health risk through the consumption of contaminated groundwater. 

• An approach to find out the suitable mitigation approaches using waste plant parts through the 

green synthesis of iron nanoparticles (Fe-NPs) 

• Creating awareness among the local populace of affected areas. 

For this, we used geographic data, physicochemical features, the water quality index, health risk 

assessments, and statistical analysis, such as Pearson’s correlation analysis to examine the As pollution in 

groundwater from two-gram panchayats (Kalupur and Chowberia-I) in the Bangaon sub-division of the 

North 24 Parganas district of West Bengal. The Bangaon subdivision's overall water quality has never been 

evaluated in a previous study using a variety of physicochemical factors. Secondly, develop a waste-derived 

Fe-NPs to investigate the extent to which it reduces As in water that is contaminated. The purpose of this 

research is to mitigate As pollution in a way that is both ecologically and economically viable, while also 

educating local populations and guiding policy choices. 
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CHAPTER 4: MATERIALS & METHODS 

4.1. Study area 

Bangaon subdivision is one of the administrative regions of the North 24 Parganas district of West Bengal, 

India. It is a section of the Ichhamati-Raimangal Plain, which is one of the district's three physiographic 

parts. The district lies in the lower Ganges Delta. The eastern region of this district is traversed by the 

Ichhamati. The hydrogeology of this area appears to be comprised of an unconfined aquifer with a high As 

threshold inside a mature layer of black or brownish loam, which is topped by a more recent layer of 

alluvium. According to the 2011 census, with an area of 838.17 km2, Bangaon has a residence of 1,063,028 

inhabitants. There are 150 mouzas, 16-gram panchayats, 1 panchayat samity, 230-gram sansads (village 

councils), and 149 inhabited villages. Two of sixteen Gram Panchayats, Kalupur, and Chawberia-I, had 

been selected as the study sites. Chawberia-I is located at 22.98°N, 88.66°E, while Kalupur is located at 

23.02° N, 88.80° E. 

 

Fig. 4. Location map of studied areas 
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4.2. Sample collection, preparation and preservation 

The raw and treated groundwater samples (nௗ=ௗ88) used for both drinking and irrigation purposes were 

collected from the 2-gram panchayats in the studied area and stored in airtight polyethylene containers 

(50ௗand 250ௗmL) in duplicates. The collected water samples in 50 mL containers were preserved with an 

addition of 0.1% v/v of 69% concentrated nitric acid (HNO3) to estimate As and Fe (Ghosh et al., 2019). 

Water samples were taken and preserved in the other (250 mL) containers without the use of preservatives 

to estimate further physico-chemical characteristics (Das et al., 2024). Before analysis, the containers were 

carried in an ice box to the laboratory and stored at 4 °C. 

4.3. Analysis procedure 

4.3.1. Arsenic estimation 

 Chemicals used: 10% Potassium iodide (KI), Hydrochloric acid (HCl), 0.5% Sodium 

borohydride (NaBH₄), Sodium hydroxide pellets (NaOH) 

 Reagents used: To prepare 500 mL of 10% KI – 3 g of NaBH₄ was added with 2.5 g of NaOH 

in a volumetric flask and made up to the mark by double distilled water. The solution was then 

filtered through the suction filter.  

 Instrument used: Atomic absorption spectroscopy (AAS) 

 Standard preparation: From 1000 ppm stock solution of As (III) and As (V), 10 ppm of each 

stock was prepared. From which 5 mL of 1 ppm of each solution was prepared. Then 50 mL of 

100 ppb As (V) and 50 mL of 100 ppb As (III) is made. From these two various concentrations 

5 ppb, 10 ppb, 20 ppb, 25 ppb, 30 ppb, 40 ppb are prepared. Then each of those was added with 

KI, HCl, and volume made up to the mark with double distilled water. 

 Sample preparation: Sample water was filtered using filter paper before measuring. 

4.3.2. Water quality index 
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Several water quality indices, including total and calcium hardness, arsenic, total calcium, total suspended 

solids, total dissolved solids, alkalinity, chloride, turbidity, pH, conductivity, total sodium, total potassium, 

total sulfate, carbonate, bicarbonate, and total iron content, were evaluated in the samples that were 

obtained. 

4.3.2.1. Estimation of pH 

 Chemical used: Diluted Hydrochloric acid (HCl) 

 Instrument used: pH meter with temperature and pH probe 

 Calibration: calibrated using three solutions having known pH values of 4.0, 7.0, and 10.0. 

4.3.2.2. Estimation of Conductivity (EC) 

 Chemical used: Standard Potassium chloride (KCl) solution with concentrations of 0.01 M, 

0.001 M. 

 Instrument used: Conductivity meter with probe 

 Calibration: Calibrated in standard solution according to cell constant. 

4.3.2.3. Estimation of Turbidity 

 Chemicals used: 5 mL of each Solution 1 (1 g of Hydrazine sulfate [N2H6SO4] in 100 mL of 

distilled water) and solution 2 (10 g of Hexamethylene tetramine [(CH2)6N4] in 100 mL of 

distilled water) in volumetric flask with 90 mL of distilled water 

 Instrument used: Nephelometer 

 Calibration: A blank solution was made to set the instrument with zero turbidity-free water and 

adjusted to ‘000’ with the set zero knobs. Then calibrated using the standard solutions of 1000 

NTU and 100 NTU. 

4.3.2.4. Estimation of total suspended solids (TSS) and total dissolved solids (TDS) 

 Equipment used: Drying oven, filter paper 
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 Method used: Simple gravitational method 

4.3.2.5. Estimation of Total Sulfate 

 Chemicals used: Conditioning reagent (mixture solution of 50 mL glycerol, 30 mL hydrochloric 

acid, 300 mL of double distilled water, 100 mL of 95% ethyl or isopropyl alcohol, 75 g of sodium 

chloride); SO4
2- stock solution from Sodium sulfate [Na2SO4] (100 ppm); Barium chloride 

(BaCl₂)   

 Instrument used: Orion Aquamate 8000 UV-VIS spectrophotometer at 420 nm wavelength. 

 Calibration: From 100 ppm stock solution 10, 15, 25, and 35 ppm was prepared and then the 

calibration curve was prepared using blank, 10, 15, 25, and 35 ppm sulfate standard solution. 

 Sample preparation: Sample water was filtered using filter paper before measuring. 

4.3.2.6. Estimation of Total Sodium 

 Chemical used: Sodium chloride (NaCl) 

 Reagents used: To prepare 250 mL of 1000 ppm NaCl standard solution- 0.625 g of NaCl was 

added in a volumetric flask and made up to the mark by double distilled water. 

 Instrument used: HPG Systems Microcontroller Flame photometer G- 301 

 Calibration: From 1000 ppm stock solution 10, 20, 50, 80, and 100 ppm was prepared. The 

calibration curve was prepared using blank, 10, 20, 50, 80, and 100 ppm sodium standard 

solution. 

 Sample preparation: Sample water was filtered using filter paper before measuring. 

4.3.2.7. Estimation of Total Potassium 

 Chemical used: Potassium chloride (KCl) 

 Reagents used: To prepare 250 mL of 1000 ppm KCl standard solution- 0.625 g of KCl was 

added in a volumetric flask and made up to the mark by double distilled water. 
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 Instrument used: HPG Systems Microcontroller Flame photometer G- 301 

 Calibration: From 1000 ppm stock solution 10, 20, 50, 80, and 100 ppm was prepared. The 

calibration curve was prepared using blank, 10, 20, 50, 80, and 100 ppm potassium standard 

solution. 

 Sample preparation: Sample water was filtered using filter paper before measuring. 

4.3.2.8. Estimation of Total Calcium 

 Chemicals used: Calcium carbonate (CaCO3), 35% hydrochloric acid (HCl) 

 Reagents used: To prepare 250 mL of 1000 ppm CaCO3 standard solution- 0.625 g of CaCO3 + 

1:1 HCl (dropwise) is added in a volumetric flask and made up to the mark by double distilled 

water. 

 Instrument used: HPG Systems Microcontroller Flame photometer G- 301 

 Calibration: From 1000 ppm stock solution 10, 20, 50, 80, and 100 ppm is prepared. The 

calibration curve was prepared using blank, 10, 20, 50, 80, and 100 ppm potassium standard 

solution. 

 Sample preparation: Sample water was filtered using filter paper before measuring. 

4.3.2.9. Estimation of Total Hardness (TH)  

 Chemicals used: M/100 Na2EDTA solution, NH4Cl-NH4OH buffer, Eriochrome Black Tea 

(EBT) indicator. 

 Reagents used: To prepare 250 mL of NH4Cl-NH4OH buffer solution- 17.5 g of NH4Cl and 142 

mL of ammonia (NH3) were added in a volumetric flask and made up to the mark by double 

distilled water. For preparing the indicator 0.5 g of EBT and 4.9 g of Potassium Nitrate (KNO3) 

were grinded in a mortar. 

 Equipment used: Burette 
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 Procedure: In a conical flask 10 mL of water sample + 1 mL buffer solution + a pinch of indicator 

was titrated against standard Na2EDTA solution. 

 Color change: Pinkish to blue  

4.3.2.10. Estimation of Calcium Hardness (CH) 

 Chemicals used: M/100 Na2EDTA solution, 10% NH4OH buffer, murexide indicator. 

 Equipment used: Burette 

 Procedure: In a conical flask 10 mL of water sample + 4 mL of 10% NaOH + a pinch of indicator 

is titrated against standard Na2EDTA solution. 

 Color change: Pink to light purple  

4.3.2.11. Estimation of Alkalinity 

 Chemicals used: 0.02 N Sulfuric acid (H2SO4), 0.02 N sodium carbonate (Na2CO3), methyl 

orange indicator 

 Equipment used: Burette 

 Standardization of 0.02 N H2SO4: In a conical flask 10 mL 0.02 N Na2CO3 + 2 to 3 drops of 

indicator was titrated against standard 0.02 N H2SO4 solution 

 Procedure: In a conical flask 10 mL of water sample + 2 to 3 drops of indicator was titrated 

against standard 0.02 N H2SO4 solution. 

 Color change: Yellowish orange to pink 

4.3.2.12. Estimation of Chloride 

 Chemicals used: Silver nitrate (AgNO3), Potassium chromate (K2CrO4), Sodium chloride (NaCl) 

 Equipment used: Burette 

 Method used: Argentometric method 
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 Procedure: In a conical flask 10 mL of water sample + 2 to 5 drops of K2CrO4 indicator was 

titrated against standard AgNO3 solution taken in burette 

 End point color: Reddish brown 

4.3.2.13. Estimation of Carbonate and Bicarbonate 

 Chemicals used: 0.01 N Sulfuric acid (H2SO4), Phenolphthalein indicator (for carbonate 

estimation), 0.1% methyl orange indicator (for bicarbonate estimation) 

 Equipment used: Burette 

 Procedure: In a conical flask 10 mL of water sample + 1 drop of Phenolphthalein indicator was 

titrated against standard 0.01 N H2SO4 solution after, 2 drops of 0.1% methyl orange indicator 

were added to this and again titrated against standard 0.01 N H2SO4 

 Color change: At first, solution will change from pink color to colorless and then at last it will 

turn into orange color. 

4.3.2.14. Estimation of Total Iron 

 Chemicals used: 100 ppm iron (Fe) stock solution, sodium acetate-acetic acid (CH₃COONa+ 

CH₃COOH) buffer solution, hydroxylamine hydrochloride (NH2OH•HCl), O-phenanthroline 

reagent 

 Reagents: To prepare 1000 mL of Fe buffer solution- 3.8 g CH₃COONa and 48 mL CH₃COOH 

were added in a volumetric flask and made up to the mark by double distilled water. 10% of the 

entire volume was NH2OH•HCl and 0.25% of the entire volume is O-phenanthroline reagent. 

 Equipment used: Orion Aquamate 8000 UV-VIS spectrophotometer at 510 nm wavelength. 

 Calibration: From 100 ppm Fe stock solution 10 ppm was prepared and from this 0.25, 0.50, 1.0 

ppm were prepared and then the calibration curve was prepared using blank, 10, 15, 25, 35 ppm 

sulfate standard solution. 
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 Sample preparation: In a 25 mL volumetric flask, 5 mL of water sample + 10 mL of Fe buffer 

solution + 2.5 mL of NH2OH•HCl + 2 mL of O-phenanthroline were added and volume made 

up to the mark with double distilled water. 

4.3.3. Quality control and assurance 

By standardizing, performing regular blank measurements, and analyzing spiked samples, the control and 

accuracy of the analytical data that were produced were verified (±ௗ5% variation). ICP-OES and AAS 

(variance of ±10%) were used for interlaboratory testing to detect As in a subset of 88 water samples. 

4.3.4. Water quality index (WQI) 

According to Das et al. (2020); Gupta and Misra (2018) and Meng et al. (2016), WQI is a rating system that 

provides a thorough overview of the fundamental water quality of the studied areas. The parameters are 

assigned a numerical value, or "weight," based on their significance to the quality of the water, and then 

their "relative weight" (Wi) is computed. The Wi is computed as 

𝑊𝑖 =
𝑤𝑖

∑ 𝑤𝑖௡
௜ୀଵ

 

Here,  

Wi = relative weight; n = number of parameters and wi = weight of each parameter 

After that, the concentration of each parameter in each water sample is divided by the corresponding 

standard in accordance with the BIS's recommendations, and the result is multiplied by 100 to provide a 

quality rating scale (qi) for each parameter. 

𝑞𝑖 =
𝐶𝑖

𝑆𝑖
× 100 

In this case, qi = quality rating; Ci = concentration of each chemical parameter in a given water sample; and 

Si = the Indian drinking water standard for each chemical parameter in accordance with BIS (2012) 

recommendations. 
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First, the SI is computed for every chemical parameter in order to determine the WQI using the following 

equation (Anim-Gyampoa et al. 2019): 

𝑆𝐼𝑖 = 𝑊𝑖 × 𝑞𝑖 

𝑊𝑄𝐼 = ෍ 𝑆𝐼𝑖 

In which,  

qi = rating relying on the ith parameter's concentration; 

SIi = subindex of the ith parameter  

Ultimately, the computed WQI values are classified into five water quality groupings: <ௗ50 (very good), 

<ௗ100 (fair), <ௗ200 (poor), <ௗ300 (extremely bad), and >ௗ300 (unfit for consumption). 

4.3.5. Health risk assessment 

4.3.5.1. Cancer and non-cancer health risk assessment 

An investigation of potential health risks to the public from the treated drinking water supplied was done 

as part of the health risk assessment. According to United States Environment Protection Agency, 

Specifically the cancer risk is computed for As; non-cancer risk has been assessed considering the 

occurrence of various other heavy metals (USEPA, 1986). Average daily dosage (ADD) is initially used to 

calculate the daily exposure to As.       

ADD =
C ×  IR × ED × EF

BW × AT
  

Here, 

C =ௗConcentration of the element in drinking water (µg/L); 

 IR =ௗIngestion rate (Adult males= 5 L/day; Adult females= 4 L/day; Children = 2 L/day); 

 ED =ௗExposure duration (Average age) 

EF =ௗExposure frequency (365 days/year);  

BW =ௗBody weight (kg); (Adult males = 60 kg; Adult females= 55 kg; Children= 30 kg) 
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AT =ௗAverage lifetime =ௗ365ௗ×ௗ70ௗ=ௗ25,550 days. 

Consequently, cancer risk (CR) is calculated as, 

CR = ADD × CSF 

And, non-cancer risk or hazard quotient (HQ) is calculated as, 

HQ =
ADD

RfD
 

Here, for As, 

CSF = Cancer Slope Factor (1.5 per mg/kg BW/day)   

RfD = Oral Reference Dose (0.0003 mg/kg BW/day)  

4.3.5.2. Risk characterization through the severity adjusted margin of exposure (SAMOE)  

The Swedish National Food Agency suggests applying a "Risk thermometer" to classify the threat to human 

health posed by any chemically hazardous substance. The difference between "exposure" and "reference 

points" (RP) or "tolerable daily intake" (TDI) which is generally toxicant’s health-based recommendation 

value, is known as the "margin of exposure" (MOE) (Sand et al., 2015). It is estimated as, 

SAMOE= (RP or TDI)/ (AFBMR× AF× SF× E) 

Here, 

TDI (Total daily intake) = 3.0 μg/kg BW/day; 

AFBMR = 1/10; if the effect of the toxicant is thought to be non-linear in the BMD0.5–BMD10 range (BMD 

= Benchmark Dose) 

AF (Assessment factor) = 10; 

SF (Severity factor) = 100; 

E (Daily exposure) = (Mean concentration × Intake rate) / Body weight 

4.3.6 Statistical analysis 



Page | 32  
 

In order to determine the dependency and significance of the samples, correlation matrices, and other 

mathematical and statistical linkages were carried out using Excel 2016 (Microsoft Office).  

4.3.7. Protocol for arsenic removal from water 

p4.3.7.1. Preparation of date seed powder and extract 

Phoenix sylvestris plant seeds were collected from markets of Kolkata, West Bengal, India. Before 

thoroughly washing the date seeds with distilled water to eliminate any meat that stuck to them, the date 

fruits were peeled. After that, the seeds were dried for 24 hours at 50 °C in an oven. Next, using a ring sieve 

with 10 mm ZM-200 ConidUR Holes, the dried seeds were crushed into a powder using an ultra-centrifugal 

mill ZM-200. Up until its next usage, the fine powder was kept in glass containers that were tightly sealed 

and kept at 4 °C. Up until its next usage, the fine powder was kept in glass containers that were tightly 

sealed and kept at 4 °C. 50 mL of deionized water and 5 g of date seed powder have been mixed and boiled 

for 45 minutes to create the date seed extract. After removing suspended particles by centrifuging the 

mixture for 5 minutes at 5000 rpm, the supernatant was filtered through a 0.45 μm filter, yielding a clear, 

brownish date seed extract solution with a total solids (TS) content of 7 g/L. 

4.3.7.2. Synthesis of Fe-NPs using date seed extract (ds-Fe-NPs) 

For the preparation of Fe-NPs, 20 mL iron sulfate stock solution which was prepared by dissolving 2 g of 

FeSO4.7H2O in 50 mL of deionized water, and 40 mL date seed extract were mixed and heated to 70 °C 

while being constantly stirred. The mixture turned from brownish to black as the temperature rose to 70 °C, 

implying the synthesis of nanoparticles. After 45 minutes of stirring at 70 °C, the suspension was 

centrifuged at 5000 rpm for 10 minutes to separate the particles from the solution, and the supernatant was 

then decanted. After that, the particles were cleaned four times by adding deionized water, sonicating the 

suspension for 20 minutes in a bath sonicator, centrifuging for 10 minutes at 5000 rpm, and finally straining 
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the supernatant. After drying in a hot air oven at 55 °C, the particles were kept for testing or characterization 

in an anoxic chamber. 

4.3.7.3. Adsorption Experiments 

Using a batch approach, the adsorption of As on Fe-NPs as a nano-adsorbent was investigated. A weighed 

quantity of total As (As III + As V) was dissolved in double distilled water to create the stock solution of 

1000 mg/L. After that, the stock solution was progressively diluted to the appropriate concentrations in 

double distilled water to prepare the required solutions (100, 500, and 1000 µg/L). Numerous factors were 

examined for their impact on the adsorption process, including pH, concentrations, contact duration, and 

adsorbent dose.  Fe-NPs' adsorption tendencies toward total As were examined at 25 °C and a pH range of 

3.0 to 11.0, which was balanced using 1 M HCl or 1 M NaOH aqueous solution. By contacting different 

doses (0.01, 0.02, 0.03, 0.04, and 0.05 g) of the Fe-NPs with 10 mL of varied concentrations of total As 

from 100 to 1000 µg/L for a studied period on an electric stirrer, the adsorption isotherm was carried out. 

To conduct adsorption kinetics investigations, 10 mL of total As solution was added to 0.01 g of Fe-

NPs within a flask with different concentrations and constantly swirled for 15, 30, 60, 120, 240, and 360 

minutes. AAS was used to determine the concentration of total As left in the solution after the adsorbent 

was removed using centrifugation after adsorption equilibrium was reached. The best conditions for 

removing the greatest amount of As from an aqueous solution were determined using the findings of these 

investigations. The following formula was used to determine how much As was adsorbed onto the unit 

quantity of the adsorbents, qe (mg/g): 

qe =  
(C0 − Ce)  × V

W
 

Here, V is the volume of the As solution (L), W is the dried weight of the adsorbent (g), and C0 and Ce 

are the starting and final As concentrations (mg/L), respectively. It was determined that the percentage of 

As adsorption was as follows: Adsorption% = [(C0−Ce) /C0] ×100 
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CHAPTER 5: RESULTS & DISCUSSION 

5.1. Arsenic exposure status 

5.1.1. Arsenic contamination in household water 

The present As concentration in household water from As exposed studied areas showed a considerable risk 

to the population using these for drinking, cooking, and other household purposes. The concentration of As 

in household water from two different studied areas is shown in Fig. 5a. The mean As concentration in 

household water from Kalupur and Chowberia-I GP in North 24 Parganas district were 68.3 ± 48.9 µg/L (n 

= 19; range: 0.9-191 µg/L) and 33.8 ± 36.7 µg/L (n = 14; range: 0.05-104 µg/L) respectively. All water 

samples from these two studied areas exceed the WHO recommended value of As by 6.8 and 3.3 times 

higher in respective of Kalupur and Chowberia-I (WHO, 2011).  

Distribution of As in these household water from two GPs is shown in Fig. 5b where the percentage of 

higher concentrations of As were more pronounced in Kalupur i.e., 89.5% samples had As concentration 

>10 μg/L (n = 19) and 63.2% samples with As concentration >50 μg/L and maximum As concentration was 

found to be 191 μg/L. Out of 14 groundwater samples from Chowberia-I GP, 57.1% of samples had As 

concentration >10 μg/L (WHO limit) with 4 water samples (28.6%) having As concentration >50 μg/L. 

According to research by Das et al. (2021), about 54.6% of the total water samples taken (n = 366) had As 

levels higher than 10 µg/L in groundwater samples from the Raninagar-II block in Murshidabad, which 

were severely polluted. Additionally, different research conducted by Joardar et al. (2021) discovered that 

the groundwater at Sutia gram Panchayat in the Gaighata block was polluted, with a mean As value of 49 

µg/L (range: 3-786 µg/L, n = 83). 
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Fig. 5. (a) The mean arsenic concentration in household water from Kalupur and Chowberia-I; 

(b) Distribution of arsenic (percentage) in these household tube wells from Kalupur and Chowberia-I 

5.1.2. Arsenic contamination in alternative drinking water sources 

The study regions do not have access to the water supplied from the government-supplied pipeline water 

service, deep tube wells, or any other water treatment plants throughout the area. Therefore, most of the 

rural populations from the study areas are still reliant on domestic-level shallow tube wells. In this study, 

government-implanted tube wells (GTW) and irrigational shallow tube wells (IW) from Kalupur and 

Chowberia-I, and water from arsenic removal plants (ARPs) from Kalupur were considered as alternative 

sources of water. The GTW in Kalupur and Chowberia-I showed a mean As concentration of 86.7 

±ௗ33.2ௗμg/L (range: 30.9 ± 132ௗμg/L; n = 12) and 99.2 ±ௗ42.4ௗμg/L (range: 24.1–182ௗμg/L; n = 16), 

respectively. In the case of, water from IW i.e., in Kalupur and Chowberia-I, have been found with a mean 

As concentration of 69.5 ± 35.9 μg/L (range: 7.35–1133 μg/L; n = 12), 30.4 ± 36.5 μg/L (range: 2.2–99.7 

μg/L; n = 11), respectively and for, ARPs in Kalupur 7.43 ± 6.39 μg/L (range: 0.49–13.9 μg/L; n = 4) showed 

in (Fig. 6). 

All the GTW samples of the analyzed samples had As concentration above the permissible limit for Kalupur 

and Chowberia-I, whereas, about 8.33% of the analyzed samples (n = 12) in Kalupur and 54.6% of the 
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analyzed samples (n = 11) in Chowberia-I from IW had been found with As concentration below the 

permissible limit, therefore, it is not a safe alternative source for drinking water, while about 2% of the 

evaluated water samples (n = 4) from ARPs were found to be safe for consumption Which showed in (Fig. 

7). Among all these alternative sources, treated water from ARPs was safer to use. 

 

Fig 6. Mean arsenic concentration in alternative drinking water from Kalupur, and Chowberia-I  

 

Fig 7: Distribution of arsenic in alternative drinking water from Kalupur, and Chowberia-I 

5.2. Physico-chemical properties, correlation analysis, and water quality index 

5.2.1. Physico-chemical properties 

Groundwater samples (n = 88) were collected, and several physical and chemical characteristics were 

determined to analyze the overall quality of the water. Table 7 displays the statistical presentation of the 
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water quality metrics for each sample from Kalupur and Chowberia-I. The water quality of both Kalupur 

and Chowberia-I groundwater samples is somewhat alkaline, as indicated by their respective mean pH 

values of 7.55 and 7.63 out of 88 groundwater samples. This was further supported by their respective mean 

total alkalinity values of 600 mg/L and 602 mg/L. Two such metrics that aid in comprehending the overall 

concentration of soluble salts in water are EC and TDS. While EC measures the electrical current in water, 

TDS describes the total amount of inorganic salts, including organic stuff, in the water. There is a high 

correlation between these characteristics (Rusydi, 2018). The range of EC in the instance under study was 

16.1 to 833 μS/cm (mean = 538 μS/cm) and 22.3 to 1288 μS/cm (mean = 568 μS/cm), which provided 

insight into the high potential for salts and minerals in the water from Kalupur and Chowberia-I. It was 

discovered that the mean TDS value was 946 mg/L and 587, which was more than the maximum amount 

of TDS that is allowed in drinking water. TDS is influenced by chloride (Cl-) ions (Balakrishnan et al., 2011; 

Nelson, 2002), and TDS determines the salinity of groundwater. For drinking purposes, this is crucial for 

the flavor of groundwater. The mean Cl- value lay at 35 mg/L and 38.5 mg/L for Kalupur and Chowberia-I 

respectively. Based on 88 samples taken from the two blocks, the mean iron (Fe) content in Chowberia-I 

was 2.33 mg/L with a range of 0-8.52 mg/L, while in Kalupur it was 3.4 mg/L with a range of 0-9.86 mg/L. 

These results suggest that the groundwater was rich in Fe. Total Hardness (TH) and Total Alkalinity (TA) 

mean values in drinking water were found to be greater than their respective guideline limits. The average 

TH content in Kalupur and Chowberia-I was found to be 359 mg/L and 205 mg/L, respectively, indicating 

a rather hard groundwater quality. Calcium (Ca2+), magnesium (Mg2+), iron (Fe), carbonate (CO3
2-), and 

bicarbonate (HCO3
-) ions were the main causes of hardness in water. Mean Ca2+ ion concentration in 

Chowberia-I (71.9 mg/L; range = 4.9-111 mg/L) was found to be higher than that of Mg2+ ion (49.8 mg/L; 

range = 0-150 mg/L) whereas, in Kalupur mean concentration of Mg2+ (94 mg/L) was higher than Ca2+ 

(65.8 mg/L). Mean HCO3
- concentration (Kalupur: 69.5 mg/L; range = 5-109 mg/L, and Chowberia-I: 
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76.2 mg/L; range = 15-121 mg/L) was found to be higher than mean CO3
2- concentration (18.4 mg/L; 

range = 4-112 mg/L and 30.5 mg/L; range = 4-84 mg/L in Kalupur and Chowberia-I respectively). The 

mean concentration of Na+ was observed to be 33.4 mg/L in Chowberia-I and 31.8 mg/L in Kalupur, and 

that of K+ was 6.09 mg/L and 4.45 mg/L respectively. The water quality of the Bangaon subdivision is 

considered basic due to the mean ionic concentration range in both study areas being HCO3
− > Cl− > CO3

2− 

and the cationic concentration range being Ca2+ > Mg2+ > Na+ > K+. The elevated concentration of HCO3
− 

ions may cause carbonate minerals in the surveyed area's groundwater to dissolve.  

Table 7. Normal statistics of water quality parameters of available water sources from Kalupur and 

Chowberia-I 

Parameters 
Chowberia-I Kalupur Acceptable limit in 

drinking water  
Mean Range Mean Range 

TSS (mg/L) 763±483 20-3080 1502±1579 220-7360 5 
TDS (mg/L) 587±1244 0-6950 946±558 0-2050 500 
TA (mg/L) 602±194 160-1040 600±280 40-1300 200 
Cl- (mg/L) 38.5±33.9 10.7-146 35±21.9 10.7-107 250 
TH (mg/L) 205±76.9 20-360 359±118 20-600 200 
CH (mg/L) 155±49.5 20-240 265±97.5 10-460 100 
MH (mg/L) 49.8±44.5 0-150 94±34.6 10-150 30 

Turbidity (NTU) 21.7±19.8 9-109 18.4±22.9 2-102 5  
PH 7.63±0.23 7.08-8.33 7.55±0.33 6.75-8.07 6.5–8.5 

EC (µS/cm) 568±300 22.3-1288 538±199 16.1-833 <1500  
Ca2+ (mg/L) 71.9±24.9 4.9-111 65.8±22.6 2.3-103 75 
Na+ (mg/L) 33.4±36.8 2.8-138 31.8±20.5 1.3-130 200 
K+ (mg/L) 6.09±7.14 0.4-32.8 4.45±5.75 0.3-39.6 12 

Total As (µg/l) 58.4±51.5 0.05-182 68.1±45 0.49-191 10 
Total Fe(mg/L) 2.33±2.69 0-8.52 3.4±2.64 0-9.86 0.3 
CO3

2- (mg/L) 30.5±16.1 4-84 18.4±16.8 4-112 200 
HCO3

- (mg/L) 76.2±24.7 15-121 69.5±23.7 5-109 200 
 

5.2.2. Correlation analysis among the physicochemical parameters  

The inter-relation among the physicochemical parameters analyzed for different water sources are shown 

in Fig. 8 and Fig. 9. The degree of positive correlation is classified into 3 categories and designated with 3 
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different colors (yellow color for strongly correlated, red color for moderately correlated, and green color 

for weakly correlated) whereas the negative associations are highlighted in a blue box. In the present study 

of Kalupur, TH is strongly associated with Ca2+ ions (r = 0.966), HCO3
- (rௗ=ௗ0.894), moderately correlated 

with Na+ ions (r = 0.543), weakly correlated with pH (r = 0.346), k+ ions (r = 0.260), and negatively 

associated with CO3
2- ions (r = -0.194), Whereas in Chowberia-I, TH was found to be very strongly 

correlated with Ca2+ ions (rௗ=ௗ0.953), Na+ (r = 0.774), and HCO3- (rௗ=ௗ0.831), while, EC was also very 

strongly associated with TDS (rௗ=ௗ0.859) and TA (rௗ=ௗ0.839). The strong relation of Cl- with Na+ (rௗ=ௗ0.901) 

and TH (rௗ=ௗ0.751) suggested that the treated water quality tends to be alkaline in nature and also causes the 

temporary hardness of the water. The TA was moderately correlated with Cl- ions (rௗ=ௗ0.476), Na+ ions 

(rௗ=ௗ0.493), TH (rௗ=ௗ0.690), weakly associated with k+ ions (rௗ=ௗ0.237), and negatively allied with CO3
2- ions 

(rௗ=ௗ−0.024). In Kalupur, pH has a negative correlation with most parameters except turbidity, EC, and TDS 

(r = 0.086; 0.034; 0.196 respectively), unlike, in Chowberia-I, pH has a strong correlation with TA (r = 

0.711), moderate association with TSS, and TDS, negative correlation with Cl- (rௗ=ௗ-0.002), turbidity (r = -

0.395), EC (r = -0.068), and rests make the weak association.  In the same way, in Kalupur, TDS in water 

samples from different sources is moderately linked with Cl- (rௗ=ௗ0.525) and HCO3
- (rௗ=ௗ0.645), strongly 

correlated with Ca2+ (rௗ=ௗ0.707), Na+ (rௗ=ௗ0.720), and negatively associated with CO3
2- ions (rௗ=ௗ−0.050). 

Quite a strong correlation between TDS and TH (rௗ=ௗ0.741) signifies that the minerals responsible for TDS 

value in water cause the hardness of the water.  In Chowberia-I, TDS is also moderately associated with 

Cl- (rௗ=ௗ0.476) but weakly associated with Ca2+ (rௗ=ௗ0.315), TA (r = 0.159).  A weak positive association in 

water samples from Kalupur is observed between arsenic and iron (rௗ=ௗ0.156), and a moderate positive 

association (r = 0.623) in Chowberia-I. Arsenic concentration in water samples from different sources is 

found to be insignificantly or negatively related with CO3
2- ions (rௗ=ௗ−0.047) and (rௗ=ௗ−0.031) from Kalupur 

and Chowberia-I respectively. In Kalupur, As concentration is negatively related to K+ (rௗ=ௗ−0.134), TSS (r 
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=ௗ-0.077) and Fe are also conversely related to K+ (rௗ=ௗ−0.084), while in Chowberia-I, As concentration is 

negatively related to different ions: Ca2+ (r = 0.023), Na+ (r = -0.250), K+ (r = -0.382), Cl- (r = -0.464), and 

Fe is conversely associated with Cl- (r = -0.238), Na+ (r = -0.127), K+ (r = -0.250). Similar interactions 

between the cations and anions in groundwater have also been reported in several other Indian investigations 

(Jain et al., 2018; Memon et al., 2023). 

Fig. 8. Pearson correlation among the parameters in different water samples from Kalupur 
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Fig. 9. Pearson correlation among the parameters in different water samples from Chowberia-I 

5.2.3. Water quality index 

A complete water quality indexing (WQI) of water samples from different sources has been conducted 

taking into account 15 parameters (pH, TSS, TDS, EC, Cl-, SO4
2-, TH, CH, TA, Ca2+, CO3

2-, HCO3
-, Na+, 

K+, Turbidity, Fe, As). Fifteen important parameters are assigned a weight (wi) based on how important 

they are in terms of the general condition of the water that is fit for drinking. Supplementary Table 8 

contains the parameters, their assigned weights, and the relative weights that were computed for the WQI 

assessment. The parameters with the most potential for harm, such as As, have been provided a maximum 

weight of 5, owing to their significance in groundwater pollution. Approximately 89% and 88% of the water 

samples from Kalupur and Chowberia-I were determined to be unfit for household use and consumption, 

with the overall WQI score varying between 21.6 and 519. In the case of Kalupur, all the water samples 

collected from different sources (HTW, GTW, IW) except from ARP, which is 100% good in quality, are 
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unsuitable for drinking. Whereas, in Chowberia-I, only 14.3% HTW; 18.8% GTW; and 27.3% IW are good 

in quality. Fig. 10 shows the percentage contribution of available water sources towards its quality. 

 

 

Fig. 10. Percentage contribution of available water sources towards its quality 

Table 8.  Relative weight of chemical parameters 

Parameters Weight (wi)  Relative weight (Wi) 
pH 4 0.090909091 

TDS (mg/l) 5 0.113636364 
EC 4 0.090909091 

Cl- (mg/l) 3 0.068181818 
SO4

2- (mg/l) 4 0.090909091 
TH (mg/l) 2 0.045454545 
TA (mg/l) 3 0.068181818 
Fe (mg/l) 3 0.068181818 

Ca2+ (mg/l) 2 0.045454545 
Mg2+ (mg/l) 2 0.045454545 

As (µg/l) 5 0.113636364 



Page | 43  
 

 

5.3. Health risk assessment 

5.3.1. Risk assessment among available drinking water sources through risk thermometer 

The risk of As exposure through the consumption of available drinking water by the population from 

particular areas has been estimated with the help of a risk thermometer (Fig. 11). SAMOE value and risk 

level of drinking water sources from different study areas have been shown in Table 9. According to Sand 

et al. (2015), there are five categories to classify the degree of exposure risk. The categories are starting 

with ‘low’ to ‘high’ i.e., class 1 = no (>10), class 2 = no-low (>1-10), class 3 = low-moderate (>0.1-1), class 

4 = moderate-high (0.01-0.1) and class 5 = high (<0.01). It is observed that adult males, adult females, and 

children from Kalupur and Chowberia-I are exposed to arsenic mainly through drinking household water 

(class 5, SAMOE 0.0053, 0.0061, and 0.0066 in Kalupur; class 4, SAMOE: 0.0106, 0.0122 and 

0.013302365 in Chowberia-I for adult males, adult females and children respectively) followed by deep 

tube-wells (class 5, SAMOE: 0.0042, 0.0048 and 0.0052 in Kalupur; class 5, SAMOE: 0.0036, 0.0042 and 

0.0045 in Chowberia-I for adult males, adult females and children respectively), irrigation water (class 5, 

SAMOE: 0.0052, 0.0059 and 0.0065 in Kalupur; class 4, SAMOE: 0.012, 0.014 and 0.0148 in Chowberia-

I for adult males, adult females and children respectively). Arsenic removal plant was observed to have 

class 3 i.e. low-moderate risk with SAMOE values 0.0485, 0.0556, and 0.0606 for adult males, adult 

females, and children respectively. The calculated values show the following trend of increasing the risk 

for all the sources: ATP < irrigation water < household water <deep tube well.  

Table 9. SAMOE value of adult males, adult females, and children through consuming water from different 

sources from both Kalupur and Chowberia-I. 

Na+ (mg/l) 2 0.045454545 
Turbidity (NTU) 3 0.068181818 

K+ (mg/l) 1 0.022727273 
HCO3

- (mg/l) 1 0.022727273 
  ∑=44 ∑=1 



Page | 44  
 

 

Fig. 11. Risk assessment through SAMOE 

5.3.2. Cancer risk (CR) and non-cancer risk (HQ) 

The CR and HQ of three studied population groups from four respective areas are shown in Table 10. The 

carcinogenic risk for the population of Kalupur from HTW (8.5×10-3, 6.3×10-2 and 7.4×10-3, respectively 

for adult males, females, and children); GTW (1.1×10-2, 4.2×10-3and 9.5×10-3, respectively for adult males, 

females, and children); IW (8.7×10-3, 1.4×10-2 and 7.6×10-3, respectively for adult males, females, and 

children); ARP (9.3×10-4, 3.8×10-3and 8.1×10-4, respectively for adult males, females and children);. 

Likewise, for the population of Chowberia-I from HTW (4.2×10-3, 5.3×10-3and 3.7×10-3, respectively for 

adult males, females, and children); GTW (1.2×10-2, 3.8×10-3and 1.1×10-2, respectively for adult males, 

females and children); IW (3.8×10-3, 5.3×10-3and 3.3×10-3, respectively for adult males, females and 

children). The carcinogenic risk among all was higher than the USEPA prescribed limit (1×10−4) (USEPA 

Study area 
Drinking water 

source 

SAMOE value 

 
Adult 
males 

Adult 
females 

Children  

Kalupur 

HTW 0.0053 0.0061 0.0066  

DT 0.0042 0.0048 0.0052  

IW 0.0052 0.0059 0.0065  

ARP 0.0485 0.0556 0.0606  

Chowberia-I 
HTW 0.0106 0.0122 0.0133  

DT 0.0036 0.0042 0.0045  

IW 0.0118 0.0136 0.0148  
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2011) in both Kalupur and Chowberia-I. Even each population group from all studied areas was under 

serious NCR as all of them exceeded the threshold for HQ (HQ > 1. The HQ for the population of Kalupur 

from HTW (19.0, 16.6, and 15.2, respectively for adult males, females, and children); GTW (24.1, 21.0, 

and 19.3 respectively for adult males, females, and children); IW (19.3, 16.9 and 15.4, respectively for adult 

males, females, and children); ARP (2.06, 1.80 and 1.65, respectively for adult males, females, and 

children); Likewise, for the population of Chowberia-I from HTW (9.40, 8.20 and 7.52, respectively for 

adult males, females, and children); GTW (27.6, 24.1 and 22.1, respectively for adult males, females, and 

children); IW (8.44, 7.37 and 6.75, respectively for adult males, females, and children). The study's findings 

indicate that drinking raw water from a deep tube well without treating it is not advised because of the 

potential for anthropogenic activity-related pollution. 

Table 10. Cancer and non-cancer risk from different available water sources 

Study area 
  CR HQ 
Source 

of water 
Adult 
males 

Adult 
females 

Children 
Adult 
males 

Adult 
females 

Children 

Kalupur 

HTW 8.5×10-3 6.3×10-2 7.4×10-3 19.0 16.6 15.2 
DTW 1.1×10-2 4.2×10-3 9.5×10-3 24.1 21.0 19.3 
IW 8.7×10-3 1.4×10-2 7.6×10-3 19.3 16.9 15.4 
ARP 9.3×10-4 3.8×10-3 8.1×10-4 2.06 1.80 1.65 

Chowberia-I 
HTW 4.2×10-3 5.3×10-3 3.7×10-3 9.40 8.20 7.52 
DTW 1.2×10-2 3.8×10-3 1.1×10-2 27.6 24.1 22.1 
IW 3.8×10-3 5.3×10-3 3.3×10-3 8.44 7.37 6.75 

 

Despite having both CR and HQ values greater than the threshold level (9.3×10-4, 3.8×10-3and 8.1×10-4 and 

2.06, 1.80, and 1.65, respectively for three studied population groups), ARP-treated water from Kalupur can 

be used with least risk among other collected available water sources. The risk was found to be higher in 

males followed by females, and children for both Kalupur and Chowberia-I. Figure 12 displayed the risk 

of (a) cancer and (b) non-cancer for adult males, adult females, and children from the various water sources. 
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Research conducted in North 24 Parganas, West Bengal, likewise found that adults were at higher risk than 

children (Joardar et al., 2021). 

 

Fig. 12. (a) Non-cancer and (b) cancer risk from all available water sources for adult males, adult females, 

and children  

5.4. Removal of total arsenic by batch experiments 

5.4.1. Impact of various factors 

Effect of initial solution pH: Since pH has an impact on both the shape of As and the electrical properties 

of the Fe-NPs, it was determined to be an important parameter impacting As removal. To investigate how 

pH affects total As adsorption by the generated Fe-NPs, constants were used for the adsorbent dosage, 

reaction temperature, contact time, and total As concentration- 1 g/L, 25 °C, 120 min, and 1000 µg/L, 

respectively. Fig. 13a presents the findings. It was evident that with the increasing pH, adsorption was first 

increased and then reduced. Since most water bodies naturally have a pH of 7.0, the highest adsorption 

occurred at that pH (81.8%), thus pH 7.0 was thought to be ideal.  

Effect of contact time: Through a range of contact periods, from 15 to 360 minutes, the experiment shows 

how much total As is removed. It was evident (Fig. 13b) that, with the increasing time, adsorption was also 

increased (18.98 to 87.15%). Within 120 minutes, 72.8% of the arsenic was removed; this safe zone peaked 

at 360 minutes. However, it took 120 minutes for the adsorption to achieve equilibrium; as a result, 
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120 minutes was the ideal duration. Adsorbent dosage, reaction temperature, pH, and total As concentration 

were held constant at 1 g/L, 25 °C, 7, and 1000 µg/L throughout this experiment. 

Effect of adsorbent dose: 10 mL of a 1000 μg/L total As solution at 25.0 °C were exposed to a pH 7.0 

adsorbent dose variation of 1.0 to 5.0 g/L for 120 minutes of contact time. The result showed that with the 

increase of doses from 1.0 to 5.0 g/L the removal of total As also rose (from 90.25 to 91.2%; Fig. 13c). The 

higher adsorbent surface area is responsible for an increase in adsorption with adsorbent dose. The 

percentage of removal changed barely from 1 g/L to 5 g/L, although the removal reached its maximum at 

5.0 g/L. The ideal dosage was therefore established at 1.0 g/L. 

Effect of initial concentration: Analyses were conducted to figure out the impact of starting concentrations 

(100–1000 μg/L) of total As at 25.0 °C, 1.0 g/L of Fe-NPs, pH 7.0, and 120 minutes of contact time. The 

results are shown in Fig. 13d. It is evident that with the increasing initial concentration, the removal of total 

As decreased (from 92.4 to 81.8%).  

 

Fig. 13. Impact of different variables on the adsorption experiment of total arsenic- (a) pH, (b) contact time, 

(c) dose, and (d) concentration 
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5.4.2. Adsorption isotherms 

The correlation between the quantity of As adsorbed and its equilibrium concentration in solution had been 

explained using the Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich (D-R) isotherm models. 

These isotherms were also used to understand the adsorption process's kinetics. 

Freundlich isotherm: The Freundlich isotherm is suggested based on the theory that the heat of adsorption 

is not dispersed equally over the heterogeneous surface of the adsorbent. This led to its use for total As 

adsorption on Fe-NPs as well. The linear form of the Freundlich isotherm, as it applies to the experimental 

data, is shown below (Friedrich 1906):  

𝐿𝑜𝑔 𝑞𝑒 = log 𝐾𝐹 +
1

𝑛
𝐿𝑜𝑔 𝐶𝑒 

Here, qe = Adsorption capacity at equilibrium (µg/g); Ce = Adsorbate concentration at equilibrium (µg/L); 

KF (isotherm constant) = Heterogeneous adsorption capacity; n (isotherm constant) = Adsorption intensity. 

Calculating the value of KF and n from the intercept and slope was done by plotting Log qe versus Log Ce 

(Fig. 14a). Regression coefficient values KF, n, and R2 were computed and are displayed in Table 11. 

Temkin isotherm: Adsorbate-adsorbate interactions on the adsorbent surface are considered by the Temkin 

isotherm. Temkin observed via experimentation that as saturation increases, adsorption temperatures more 

frequently drop. The Temkin isotherm's linear form is provided by the following equation. (Temkin and 

Pyzhey 1940):  

qe = BT × Ln AT+ BT × Ln Ce 

Here, qe = Adsorption capacity at equilibrium (µg/g); Ce = Adsorbate concentration at equilibrium (µg/L); 

AT = The energy of the adsorbent-adsorbate interaction; BT = Heat of adsorption. Calculating the value of 

BT and AT from the intercept and slope was done by plotting qe versus Ln Ce (Fig. 14b). Regression 

coefficient values BT, AT, and R2 were computed and are displayed in Table 11.  A higher BT value suggests 

stronger and more consistent contacts throughout the surface since it shows that the heat of adsorption 
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increases less as the surface is saturated, indicating the energy needed to adsorb more molecules stays 

constant. 

Langmuir isotherm: Based on the Langmuir isotherm, monolayer sorption triggered uptake on a 

homogenous surface. Furthermore, it anticipates that the adsorbent will not transmigrate and that adsorption 

energies will be uniformly applied to the surface. This equation represents the Langmuir isotherm in linear 

form. (Langmuir 1918): 

1

qe
=

1

KL qmax
×

1

Ce
+

1

qmax
 

Here, qe = Adsorption capacity at equilibrium (µg/g); Ce = Adsorbate concentration at equilibrium (µg/L); 

qmax= maximum adsorption capacity (µg/g); KL= Langmuir constant (L/µg). Plotting 1/qe versus 1/Ce 

yields an almost straight line (Fig. 14c), indicating that the Langmuir isotherm was followed by the 

adsorption of total As. Regression coefficient values KL, n, and R2 were computed and are displayed in 

Table 11. Using the dimensionless separation factor (KL), these factors were utilized to forecast the affinity 

between the adsorbent and adsorbate. 

Dubinin-Radushkevich (D-R) isotherm: To differentiate between chemical and physical adsorption, the 

D-R model was used. Additionally, it is employed in defining the Gaussian energy distribution adsorption 

process onto a heterogeneous surface. The linear form of the D–R isotherm (Chen 2015) can be written as 

follows:  

Ln qe =Ln qm - Kε2 

Here, qe = Adsorption capacity at equilibrium (mol/g); qm = max adsorption capacity; K = constant; ε = 

Polanyi potential. Calculating the value of K and qm from the slope and intercept was done by plotting Ln 

qe versus ε2 (Fig. 14d). Regression coefficient values qm, E, and R2 were computed and are displayed in 

Table 11. ε and the energy (E) were calculated using the following formula:  
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∈ = 𝑅𝑇 × (1 +
1

𝐶𝑒
) 

𝐸 =  
1

√2𝐾
 

The adsorption process could include chemisorption, which implies stronger chemical bonding since the E 

value (11.18 kJ/mol) was more than 8 kJ/mol. 

 

Fig. 14. Graphs displaying the (a) Freundlich; (b) Temkin; (c) Langmuir; and (d) D-R isotherms for the 

removal of total arsenic 

Table 11. Values of isotherm parameters 

Freundlich Isotherm 
kF n R2 

0.011558 0.702593 0.9916 

Langmuir Isotherm 
kF n R2 

1.002074 13.21004 0.9998 

Temkin Isotherm 
BT AT R2 

11.15 3.125E-35 0.9696 

D-R Isotherm 
qm (mol/g) E (KJ/mol) R2 

0.00031 11.18 0.9958 
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The adsorption behavior of total As on Fe-NPs was found to be well-described by both the Langmuir and 

Freundlich isotherm models, as indicated by the R2 values of any system or model. 

5.4.3. Kinetic studies 

The rate at which Fe-NPs absorbed arsenic ions was defined by the kinetics. First-order, second-order, 

pseudo-first- and pseudo-second-order equations were utilized to analyse the sorption data kinetics. 

Pseudo-second-order reaction: The pseudo-second-order kinetics formula is commonly utilized in the 

format suggested by Ho and McKay, which is:  

t

qe
=

1

K2 × qe^2
+

1

qe
 

The surface adsorption in this model, which includes chemisorption and causes the removal from a 

solution due to physicochemical interactions between the two phases, is the rate-limiting step (Ho et al., 

1999). At 25°C, Fe-NPs remove As ions with fitted pseudo-second-order-model kinetic parameters (R2, 

and K2) were calculated by plotting t/qt versus t (Fig. 15). The values of R2, and K2 were 0.9992, and 

6.47059E-05 respectively. 

 

Fig. 15. Impact of contact duration on arsenic ion adsorption by Fe-NP surfaces 
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CHAPTER 6: CONCLUSION 

The groundwater quality of Kalupur and Chowberia-I from the Bangaon subdivision, North 24 Parganas, 

West Bengal was not found suitable for drinking purposes. 89% and 88% of samples from these places, 

according to the WQI, are unfit for human consumption; bicarbonate alkalinity makes the water typically 

alkaline. More Ca2+ than Mg2+ is involved in the hardness of water. In Kalupur and Chowberia-I, amounts 

of As up to 191 and 182 μg/L respectively. It was also noted that in 50% of the ARPs from Kalupur, the 

mean concentration is higher than the permissible limit due to a lack of routine maintenance, which has 

raised severe concerns about potential health consequences, including cancer. It is not enough to just deploy 

ARPs in As-affected regions. Regular maintenance, water quality testing, and a complete strategy 

incorporating infrastructure, trained staff, education, and contemporary technology are all necessary for 

effective risk reduction. Water monitoring and ARP maintenance must be given top priority by officials and 

legislators. Besides, the research showed that, under ideal circumstances, Fe-NPs derived from date seed 

powder efficiently lowered 81.8% of arsenic, with chemisorption through monolayer adsorption on a 

homogeneous or a heterogenous surface serving as the main mechanism of As removal. Thus, by using this 

cost-effective waste product a sustainable technology of water As remediation can be possible. However, 

technologists, legislators, and villagers must work together to ensure that these innovations are accepted 

and maintained properly for long-term sustainability by the community and adapted to the local 

environment. 

 

 

 

 

 



Page | 53  
 

REFERENCES 

 Adimalla, N., Manne, R., Zhang, Y., Xu, P., & Qian, H. (2022). Evaluation of groundwater quality and its 

suitability for drinking purposes in the semi-arid region of Southern India: an application of 

GIS. Geocarto International, 37(25), 10843-10854. 

   Ali, W., Rasool, A., Junaid, M., & Zhang, H. (2019). A comprehensive review on current status, mechanism, 

and possible sources of arsenic contamination in groundwater: a global perspective with prominence 

of Pakistan scenario. Environmental geochemistry and health, 41, 737-760. 

Aljamali, N. M., Khdur, R., & Alfatlawi, I. O. (2021). Physical and chemical adsorption and its 

applications. International Journal of Thermodynamics and Chemical Kinetics, 7(2), 1-8. 

Altundogan, H. S., Altundogan, S., Tumen, F., & Bildik, M. (2002). Arsenic Adsorption from Aqueous 

Solutions by Activated Red Mud Waste Management. 

Amin, M. N., Kaneco, S., Kitagawa, T., Begum, A., Katsumata, H., Suzuki, T., & Ohta, K. (2006). Removal 

of arsenic in aqueous solutions by adsorption onto waste rice husk. Industrial & Engineering Chemistry 

Research, 45(24), 8105-8110. 

Amprako, J. L. (2016). The United Nations World Water Development Report 2015. Future of Food: Journal 

on Food, Agriculture, and Society, 4(2), 64-65. 

Anim-Gyampo, M., Anornu, G. K., Appiah-Adjei, E. K., & Agodzo, S. K. (2019). Quality and health risk 

assessment of shallow groundwater aquifers within the Atankwidi basin of Ghana. Groundwater for 

Sustainable Development, 9, 100217. 

Assessment, C. R. (1996). Proposed guidelines for carcinogen risk assessment. Federal Register, 61(79), 

17960-18011. 



Page | 54  
 

Bacquart, T., Bradshaw, K., Frisbie, S., Mitchell, E., Springston, G., Defelice, J., Dustin, H. & Sarkar, B. 

(2012). A survey of arsenic, manganese, boron, thorium, and other toxic metals in the groundwater of 

a West Bengal, India neighborhood. Metallomics, 4(7), 653-659. 

Balakrishnan, P., Saleem, A., & Mallikarjun, N. D. (2011). Groundwater quality mapping using geographic 

information system (GIS): A case study of Gulbarga City, Karnataka, India. African Journal of 

Environmental Science and Technology, 5(12), 1069-1084. 

Bhattacharya, A. K., & Lodh, R. (2018). Arsenic contamination in the groundwater of India with a special 

focus on the stabilization of arsenic-laden sludge from arsenic filters. Electronic Journal of 

Geotechnical Engineering, 23(1), 575-600. 

Bhowmick, S., Nath, B., Halder, D., Biswas, A., Majumder, S., Mondal, P., Chakraborty, S., Nriagu, J., 

Bhattacharya, P., Iglesias, M. & Chatterjee, D. (2013). Arsenic mobilization in the aquifers of three 

physiographic settings of West Bengal, India: understanding geogenic and anthropogenic 

influences. Journal of Hazardous Materials, 262, 915-923. 

Bhowmick, S., Pramanik, S., Singh, P., Mondal, P., Chatterjee, D., & Nriagu, J. (2018). Arsenic in groundwater 

of West Bengal, India: a review of human health risks and assessment of possible intervention 

options. Science of the Total Environment, 612, 148-169. 

Binkowski, Ł. J. (2019). Arsenic, As. Mammals and Birds as Bioindicators of Trace Element Contaminations 

in Terrestrial Environments: An Ecotoxicological Assessment of the Northern Hemisphere, 463-481. 

Boyle, D. R., Turner, R. J. W., & Hall, G. E. M. (1998). Anomalous arsenic concentrations in groundwaters of 

an island community, Bowen Island, British Columbia. Environmental geochemistry and health, 20, 

199-212. 

Chakraborti, D., Das, B., Rahman, M.M., Chowdhury, U.K., Biswas, B., Goswami, A.B., Nayak, B., Pal, A., 

Sengupta, M.K., Ahamed, S. & Das, D. (2009). Status of groundwater arsenic contamination in the 



Page | 55  
 

state of West Bengal, India: A 20‐year study report. Molecular nutrition & food research, 53(5), 542-

551. 

Chakraborti, D., Das, B., Rahman, M.M., Nayak, B., Pal, A., Sengupta, M.K., Ahamed, S., Hossain, M.A., 

Chowdhury, U.K., Biswas, B.K. & Dutta, R. N. (2017). Arsenic in groundwater of the Kolkata 

Municipal Corporation (KMC), India: Critical review and modes of mitigation. Chemosphere, 180, 

437-447. 

Chakraborti, D., Mukherjee, S.C., Pati, S., Sengupta, M.K., Rahman, M.M., Chowdhury, U.K., Lodh, D., 

Chanda, C.R., Chakraborti, A.K. & Basu, G. K. (2003). Arsenic groundwater contamination in Middle 

Ganga Plain, Bihar, India: a future danger? Environmental health perspectives, 111(9), 1194-1201. 

Chakraborti, D., Rahman, M.M., Das, B., Murrill, M., Dey, S., Mukherjee, S.C., Dhar, R.K., Biswas, B.K., 

Chowdhury, U.K., Roy, S. & Quamruzzaman, Q. (2010). Status of groundwater arsenic contamination 

in Bangladesh: a 14-year study report. Water research, 44(19), 5789-5802. 

Chakraborti, D., Rahman, M.M., Das, B., Nayak, B., Pal, A., Sengupta, M.K., Hossain, M.A., Ahamed, S., 

Sahu, M., Saha, K.C. & Quamruzzaman, Q. (2013). Groundwater arsenic contamination in Ganga–

Meghna–Brahmaputra plain, its health effects and an approach for mitigation. Environmental earth 

sciences, 70, 1993-2008. 

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. & Quamruzzaman, Q. (2004). Groundwater arsenic 

contamination and its health effects in the Ganga-Meghna-Brahmaputra plain. Journal of 

environmental monitoring: JEM, 6(6), 74N-83N. 

Chakraborti, D., Singh, S. K., Rahman, M. M., Dutta, R. N., Mukherjee, S. C., Pati, S., & Kar, P. B. (2018). 

Groundwater arsenic contamination in the Ganga River Basin: a future health danger. International 

journal of environmental research and public health, 15(2), 180. 



Page | 56  
 

Chakraborty, M., Mukherjee, A., & Ahmed, K. M. (2015). A review of groundwater arsenic in the Bengal 

Basin, Bangladesh, and India: from source to sink. Current Pollution Reports, 1, 220-247. 

Chakraborty, S., Chowdhury, S., & Saha, P. D. (2012). Insight into biosorption equilibrium, kinetics and 

thermodynamics of crystal violet onto Ananas comosus (pineapple) leaf powder. Applied Water 

Science, 2, 135-141. 

Chen, Q. Y., & Costa, M. (2021). Arsenic: a global environmental challenge. Annual Review of Pharmacology 

and Toxicology, 61, 47-63. 

Chen, X. (2015). Modeling of experimental adsorption isotherm data. information, 6(1), 14-22. 

Cummings, D. E., Caccavo, F., Fendorf, S., & Rosenzweig, R. F. (1999). Arsenic mobilization by the 

dissimilatory Fe (III)-reducing bacterium Shewanella alga BrY. Environmental Science & 

Technology, 33(5), 723-729. 

Das, A., Das, S. S., Chowdhury, N. R., Joardar, M., Ghosh, B., & Roychowdhury, T. (2020). Quality and health 

risk evaluation for groundwater in Nadia district, West Bengal: an approach on its suitability for 

drinking and domestic purpose. Groundwater for sustainable development, 10, 100351. 

Das, A., Joardar, M., De, A., Mridha, D., Chowdhury, N.R., Khan, M.T.B.K., Chakrabartty, P. & 

Roychowdhury, T. (2021). Pollution index and health risk assessment of arsenic through different 

groundwater sources and its load on soil-paddy-rice system in a part of Murshidabad district of West 

Bengal, India. Groundwater for Sustainable Development, 15, 100652. 

Das, A., Joardar, M., De, A., Mridha, D., Ghosh, S., Das, B., Mandal, J., Thakur, B.K. & Roychowdhury, T. 

(2024). Appraisal of treated drinking water quality from arsenic removal units in West Bengal, India: 

Approach on safety, efficiency, sustainability, future health risk and socioeconomics. Journal of 

Hazardous Materials, 465, 133216. 



Page | 57  
 

Das, A., Roy, J., & Chakraborti, S. (2016). Socio-economic analysis of arsenic contamination of groundwater 

in West Bengal. Berlin/Heidelberg, Germany: Springer. 

Das, T. K., Sakthivel, T. S., Jeyaranjan, A., Seal, S., & Bezbaruah, A. N. (2020). Ultra-high arsenic adsorption 

by graphene oxide iron nanohybrid: removal mechanisms and potential 

applications. Chemosphere, 253, 126702. 

DasGupta, R., & Shaw, R. (2014). Social and institutional provisions for arsenic risk mitigation in West Bengal: 

Achievements and challenges. Water Insecurity: A Social Dilemma, 75-95. 

De, A., Mridha, D., Joardar, M., Das, A., Chowdhury, N. R., & Roychowdhury, T. (2022). Distribution, 

prevalence and health risk assessment of fluoride and arsenic in groundwater from lower Gangetic 

plain in West Bengal, India. Groundwater for Sustainable Development, 16, 100722. 

Driehaus, W., Jekel, M., & Hildebrandt, U. (1998). Granular ferric hydroxide—a new adsorbent for the 

removal of arsenic from natural water. Journal of Water Supply: Research and Technology—

Aqua, 47(1), 30-35. 

Edition, F. (2011). Guidelines for drinking-water quality. WHO chronicle, 38(4), 104-8. 

Eguez, H. E., & Cho, E. H. (1987). Adsorption of arsenic on activated charcoal. Jom, 39(7), 38-41. 

Franek, A., Koncagul, E., Connor, R., & Hunziker, D. (2015). United Nations World Water Development 

Report 2015. Perugia: United Nations World Water Assessment Programme) p, 1. 

Freundlich, H. M. F. Z. (1906). Adsorption in solids. Z. Phys. Chem, 57, 385-470. 

Fu, D., He, Z., Su, S., Xu, B., Liu, Y., & Zhao, Y. (2017). Fabrication of α-FeOOH decorated graphene oxide-

carbon nanotubes aerogel and its application in adsorption of arsenic species. Journal of Colloid and 

Interface Science, 505, 105-114. 

Gani, A., Hussain, A., Pathak, S., & Omar, P. J. (2024). Analysing Heavy Metal Contamination in Groundwater 

in the Vicinity of Mumbai’s Landfill Sites: An In-depth Study. Topics in Catalysis, 1-15. 



Page | 58  
 

Garai, R., Chakraborty, A. K., Dey, S. B., & Saha, K. C. (1984). Chronic arsenic poisoning from tube-well 

water. Journal of the Indian Medical Association, 82(1), 34-35. 

Garelick, H., Dybowska, A., Valsami-Jones, E., & Priest, N. (2005). Remediation technologies for arsenic 

contaminated drinking waters (9 pp). Journal of Soils and Sediments, 5, 182-190. 

Ghosh, S., Majumder, S., & Roychowdhury, T. (2019). Assessment of the effect of urban pollution on surface 

water-groundwater system of Adi Ganga, a historical outlet of river Ganga. Chemosphere, 237, 

124507. 

Giordano, M. (2009). Global groundwater? Issues and solutions. Annual review of Environment and 

Resources, 34, 153-178. 

Goswami, R., Kumar, M., Biyani, N., & Shea, P. J. (2020). Arsenic exposure and perception of health risk due 

to groundwater contamination in Majuli (river island), Assam, India. Environmental geochemistry and 

health, 42(2), 443-460. 

Goyal, H., & Mondal, P. (2022). Life cycle assessment (LCA) of the arsenic and fluoride removal from 

groundwater through adsorption and electrocoagulation: A comparative study. Chemosphere, 304, 

135243. 

Guo, H., Yang, S., Tang, X., Li, Y., & Shen, Z. (2008). Groundwater geochemistry and its implications for 

arsenic mobilization in shallow aquifers of the Hetao Basin, Inner Mongolia. Science of the Total 

Environment, 393(1), 131-144. 

Gupta, A. R., Indurkar, P. D., Mondal, M., & Sharma, S. (2024). Mitigation of arsenic and fluoride from water 

via porous polymeric network knitted with zirconium moiety in three-dimensional shape: Experimental 

and mathematical modeling investigation. Separation and Purification Technology, 332, 125762. 



Page | 59  
 

Gupta, A., Yunus, M., & Sankararamakrishnan, N. (2013). Chitosan-and iron–chitosan-coated sand filters: a 

cost-effective approach for enhanced arsenic removal. Industrial & Engineering Chemistry 

Research, 52(5), 2066-2072. 

Gupta, R., & Misra, A. K. (2018). Groundwater quality analysis of quaternary aquifers in Jhajjar District, 

Haryana, India: Focus on groundwater fluoride and health implications. Alexandria Engineering 

Journal, 57(1), 375-381. 

Gupta, V. K. (2009). Application of low-cost adsorbents for dye removal–a review. Journal of environmental 

management, 90(8), 2313-2342. 

Gupta, V. K., Saini, V. K., & Jain, N. (2005). Adsorption of As (III) from aqueous solutions by iron oxide-

coated sand. Journal of colloid and interface science, 288(1), 55-60. 

Gyawali, T., Pant, S., Nakamura, K., Komai, T., & Paudel, S. R. (2022). Spatial and temporal distribution of 

arsenic contamination in groundwater of Nawalparasi-West, Nepal: an investigation with suggested 

countermeasures for South Asian Region. Environmental Monitoring and Assessment, 194(8), 582. 

Halder, S. (2019). Groundwater arsenic contamination in Murshidabad, West Bengal: current scenario, effects 

and probable ways of mitigation with special reference to Majhyampur water treatment plant, 

Murshidabad. IOSR J. Environ. Sci. Toxicol. Food Technol. (IOSR-JESTFT), 13, 1-11. 

Hare, V., Chowdhary, P., Kumar, B., Sharma, D. C., & Baghel, V. S. (2019). Arsenic toxicity and its remediation 

strategies for fighting the environmental threat. Emerging and eco-friendly approaches for waste 

management, 143-170. 

Hayat, K., Menhas, S., Bundschuh, J., & Chaudhary, H. J. (2017). Microbial biotechnology as an emerging 

industrial wastewater treatment process for arsenic mitigation: a critical review. Journal of Cleaner 

Production, 151, 427-438. 



Page | 60  
 

He, X., Li, P., Ji, Y., Wang, Y., Su, Z., & Elumalai, V. (2020). Groundwater arsenic and fluoride and associated 

arsenicosis and fluorosis in China: occurrence, distribution and management. Exposure and 

health, 12(3), 355-368. 

Herath, I., Vithanage, M., Bundschuh, J., Maity, J. P., & Bhattacharya, P. (2016). Natural arsenic in global 

groundwaters: distribution and geochemical triggers for mobilization. Current Pollution Reports, 2, 

68-89. 

Ho, Y. S., & McKay, G. (1999). Pseudo-second order model for sorption processes. Process 

biochemistry, 34(5), 451-465. 

Hossain, M.I., Bukhari, A., Almujibah, H., Alam, M.M., Islam, M.N., Chowdhury, T.A., Islam, S., Joardar, M., 

Roychowdhury, T. & Hasnat, M. A. (2023). Validation of the efficiency of arsenic mitigation strategies 

in southwestern region of Bangladesh and development of a cost-effective adsorbent to mitigate arsenic 

levels. Journal of Environmental Management, 348, 119381. 

Hu, Y., & Boyer, T. H. (2018). Removal of multiple drinking water contaminants by combined ion exchange 

resin in a completely mixed flow reactor. Journal of Water Supply: Research and Technology—

AQUA, 67(7), 659-672. 

Irunde, R., Ijumulana, J., Ligate, F., Maity, J.P., Ahmad, A., Mtamba, J., Mtalo, F. & Bhattacharya, P. (2022). 

Arsenic in Africa: potential sources, spatial variability, and the state of the art for arsenic removal using 

locally available materials. Groundwater for sustainable development, 18, 100746 

Islam, A. B. M. R., Maity, J. P., Bundschuh, J., Chen, C. Y., Bhowmik, B. K., & Tazaki, K. (2013). Arsenic 

mineral dissolution and possible mobilization in mineral–microbe–groundwater environment. Journal 

of Hazardous Materials, 262, 989-996. 



Page | 61  
 

Jain, C. K., Sharma, S. K., & Singh, S. (2018). Physico-chemical characteristics and hydrogeological 

mechanisms in groundwater with special reference to arsenic contamination in Barpeta District, Assam 

(India). Environmental monitoring and assessment, 190, 1-16. 

Jessoe, K. (2013). Improved source, improved quality? Demand for drinking water quality in rural 

India. Journal of Environmental Economics and Management, 66(3), 460-475. 

Joardar, M., Das, A., Chowdhury, N. R., Mridha, D., De, A., Majumdar, K. K., & Roychowdhury, T. (2021). 

Health effect and risk assessment of the populations exposed to different arsenic levels in drinking 

water and foodstuffs from four villages in arsenic endemic Gaighata block, West Bengal, 

India. Environmental Geochemistry and Health, 43, 3027-3053. 

Jubinka, L., & Kovic, V. R. (1993). The Sorption of Arsenic on to Activated Carbon impregnated with metallic 

silver and copper. Sp. Sci. Technol, 27, 12. 

Kar, S., Maity, J. P., Jean, J. S., Liu, C. C., Nath, B., Yang, H. J., & Bundschuh, J. (2010). Arsenic-enriched 

aquifers: occurrences and mobilization of arsenic in groundwater of Ganges Delta Plain, Barasat, West 

Bengal, India. Applied Geochemistry, 25(12), 1805-1814. 

Karakurt, S. (2019). Removal of carcinogenic arsenic from drinking water by the application of ion exchange 

resins. Oncogen Journal, 2(1), 5. 

Khan, M. Y. A., Gani, K. M., & Chakrapani, G. J. (2016). Assessment of surface water quality and its spatial 

variation. A case study of Ramganga River, Ganga Basin, India. Arabian Journal of Geosciences, 9, 1-

9. 

Khosa, M. A., & Ullah, A. (2014). In-situ modification, regeneration, and application of keratin biopolymer 

for arsenic removal. Journal of hazardous materials, 278, 360-371. 



Page | 62  
 

Kim, B. J., & Ko, M. S. (2023). Two-dimensional reactive transport model as a new approach for identifying 

the origins and contribution of arsenic in a soil and water system. Science of the Total 

Environment, 898, 165468. 

Kim, M. J., Nriagu, J., & Haack, S. (2002). Arsenic species and chemistry in groundwater of southeast 

Michigan. Environmental Pollution, 120(2), 379-390. 

Kinniburgh, D. G., & Smedley, P. (2001). Arsenic contamination of groundwater in Bangladesh. 

Kundu, S., Kavalakatt, S. S., Pal, A., Ghosh, S. K., Mandal, M., & Pal, T. (2004). Removal of arsenic using 

hardened paste of Portland cement: batch adsorption and column study. Water research, 38(17), 3780-

3790. 

Kwok, K. C., Koong, L. F., Chen, G., & McKay, G. (2014). Mechanism of arsenic removal using chitosan and 

nanochitosan. Journal of colloid and interface science, 416, 1-10. 

Langmuir, I. (1918). The adsorption of gases on plane surfaces of glass, mica and platinum. Journal of the 

American Chemical society, 40(9), 1361-1403. 

Lezier, V., Gusarova, M., & Kopytova, A. (2017, October). Water supply of the population as a problem of 

energy efficiency on the example of the Tyumen region of Russia. In IOP Conference Series: Earth 

and Environmental Science (Vol. 90, No. 1, p. 012069). IOP Publishing. 

Li, C., Hou, H., Yang, J., Liang, S., Shi, Y., Guan, R., Hu, Y., Wu, X., Hu, J. & Wang, L. (2019). Comparison 

of electrokinetic remediation on lead‐contaminated kaolinite and natural soils. CLEAN–Soil, Air, 

Water, 47(4), 1800337. 

Lin, T. F., & Wu, J. K. (2001). Adsorption of arsenite and arsenate within activated alumina grains: equilibrium 

and kinetics. Water research, 35(8), 2049-2057. 



Page | 63  
 

Luther, S., Borgfeld, N., Kim, J., & Parsons, J. G. (2012). Removal of arsenic from aqueous solution: a study 

of the effects of pH and interfering ions using iron oxide nanomaterials. Microchemical Journal, 101, 

30-36. 

Maity, J. P., Chen, C. Y., Bhattacharya, P., Sharma, R. K., Ahmad, A., Patnaik, S., & Bundschuh, J. (2021). 

Advanced application of nano-technological and biological processes as well as mitigation options for 

arsenic removal. Journal of Hazardous Materials, 405, 123885. 

Mao, X., Han, F. X., Shao, X., Guo, K., McComb, J., Arslan, Z., & Zhang, Z. (2016). Electro-kinetic 

remediation coupled with phytoremediation to remove lead, arsenic and cesium from contaminated 

paddy soil. Ecotoxicology and Environmental Safety, 125, 16-24. 

Mariño, E. E., Ávila, G. T., Bhattacharya, P., & Schulz, C. J. (2020). The occurrence of arsenic and other trace 

elements in groundwaters of the southwestern Chaco-Pampean plain, Argentina. Journal of South 

American Earth Sciences, 100, 102547. 

Meena, S., Chobhe, K.A., Manjaiah, K.M., Datta, S.P., Golui, D., Raza, M.B., Rahman, M.M. & Naveenkumar, 

A. (2023). Synthesis, characterization and adsorptive performances of functionalized clay minerals and 

red mud for aqueous arsenic removal. Groundwater for Sustainable Development, 23, 101025. 

Memon, Y.I., Qureshi, S.S., Kandhar, I.A., Qureshi, N.A., Saeed, S., Mubarak, N.M., Ullah Khan, S. & Saleh, 

T. A. (2023). Statistical analysis and physicochemical characteristics of groundwater quality 

parameters: a case study. International Journal of Environmental Analytical Chemistry, 103(10), 2270-

2291. 

Meneguelli-Souza, A.C., Pestana, I.A., Azevedo, L.S., de Almeida, M.G., Alves, M.D.G., Oliveira, D.F.C., 

Dupim, M.O., Gonçalves, R.A., Godoy, J.M.D.O. & de Souza, C. M. M. (2020). Arsenic in 

groundwater in Paraíba do Sul River, Brazil: sources, hydrogeochemistry, and correlation with redox 

parameters. Environmental Earth Sciences, 79, 1-10. 



Page | 64  
 

Meng, Q., Zhang, J., Zhang, Z., & Wu, T. (2016). Geochemistry of dissolved trace elements and heavy metals 

in the Dan River Drainage (China): distribution, sources, and water quality assessment. Environmental 

Science and Pollution Research, 23, 8091-8103. 

Mishra, D., Sen, K., Mondal, A., Kundu, S., & Mondal, N. K. (2022). Geochemical appraisal of groundwater 

arsenic contamination and human health risk assessment in the Gangetic Basin in Murshidabad District 

of West Bengal, India. Environmental Earth Sciences, 81(5), 157. 

Mohan, D., Singh, K. P., & Ghosh, D. (2005). Removal of α-picoline, β-picoline, and γ-picoline from synthetic 

wastewater using low cost activated carbons derived from coconut shell fibers. Environmental science 

& technology, 39(13), 5076-5086. 

Mondal, S., Roy, A., Mukherjee, R., Mondal, M., Karmakar, S., Chatterjee, S., Mukherjee, M., Bhattacharjee, 

S.& De, S. (2017). A socio-economic study along with impact assessment for laterite based technology 

demonstration for arsenic mitigation. Science of The Total Environment, 583, 142-152. 

Mukherjee, A., Fryar, A. E., & O’Shea, B. M. (2009). Major occurrences of elevated arsenic in groundwater 

and other natural waters. Arsenic–environmental chemistry, health threats and waste treatment. 

Chichester: Wiley, 303-350. 

Nath, B., Chakraborty, S., Burnol, A., Stüben, D., Chatterjee, D., & Charlet, L. (2009). Mobility of arsenic in 

the sub-surface environment: An integrated hydrogeochemical study and sorption model of the sandy 

aquifer materials. Journal of Hydrology, 364(3-4), 236-248. 

National Research Council, Policy, Global Affairs, Technology for Sustainability Program, & Committee on 

Incorporating Sustainability in the US Environmental Protection Agency. (2011). Sustainability and 

the US EPA. National Academies Press. 

Nelson, D. (2002). Natural variations in the composition of groundwater. Drinking Water Program, Oregon 

Department of Human Services. 



Page | 65  
 

Neumann, R. B., Ashfaque, K. N., Badruzzaman, A. B. M., Ashraf Ali, M., Shoemaker, J. K., & Harvey, C. F. 

(2010). Anthropogenic influences on groundwater arsenic concentrations in Bangladesh. Nature 

geoscience, 3(1), 46-52. 

Ni, P., Guo, H., Cao, Y., Jia, Y., Jiang, Y., & Zhang, D. (2016). Aqueous geochemistry and its influence on the 

partitioning of arsenic between aquifer sediments and groundwater: a case study in the northwest of 

the Hetao Basin. Environmental Earth Sciences, 75, 1-13. 

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(4), 403-413. 

Oke, I. A., Olarinoye, N. O., & Adewusi, S. R. A. (2008). Adsorption kinetics for arsenic removal from aqueous 

solutions by untreated powdered eggshell. Adsorption, 14, 73-83. 

Pacyna, J. M., & Pacyna, E. G. (2001). An assessment of global and regional emissions of trace metals to the 

atmosphere from anthropogenic sources worldwide. Environmental reviews, 9(4), 269-298. 

Pal, S., Singh, S. K., Singh, P., Pal, S., & Kashiwar, S. R. (2023). Spatial pattern of groundwater arsenic 

contamination in Patna, Saran, and Vaishali districts of Gangetic plains of Bihar, India. Environmental 

Science and Pollution Research, 1-15. 

Panigrahi, T., Das, K. K., Dey, B. S., & Panda, R. B. (2012). Assessment of Water Quality of river Sono, 

Balasore. International Journal Environmental Science, 3(1), 49-56. 

Patel, K.S., Sahu, B.L., Dahariya, N.S., Bhatia, A., Patel, R.K., Matini, L., Sracek, O.& Bhattacharya, P. 

(2017). Groundwater arsenic and fluoride in Rajnandgaon District, Chhattisgarh, northeastern 

India. Applied water science, 7, 1817-1826. 

Pattanayak, J., Mondal, K., Mathew, S., & Lalvani, S. B. (2000). A parametric evaluation of the removal of As 

(V) and As (III) by carbon-based adsorbents. Carbon, 38(4), 589-596. 



Page | 66  
 

Pio, I., Scarlino, A., Bloise, E., Mele, G., Santoro, O., Pastore, T., & Santoro, D. (2015). Efficient removal of 

low-arsenic concentrations from drinking water by combined coagulation and adsorption 

processes. Separation and Purification Technology, 147, 284-291. 

Rahman, M. S., Clark, M. W., Yee, L. H., & Burton, E. D. (2019). Arsenic (V) sorption kinetics in long-term 

arsenic pesticide contaminated soils. Applied Geochemistry, 111, 104444. 

Rahman, M.M., Mondal, D., Das, B., Sengupta, M.K., Ahamed, S., Hossain, M.A., Samal, A.C., Saha, K.C., 

Mukherjee, S.C., Dutta, R.N.& Chakraborti, D. (2014). Status of groundwater arsenic contamination 

in all 17 blocks of Nadia district in the state of West Bengal, India: A 23-year study report. Journal of 

Hydrology, 518, 363-372. 

Ram, A., Tiwari, S. K., Pandey, H. K., Chaurasia, A. K., Singh, S., & Singh, Y. V. (2021). Groundwater quality 

assessment using water quality index (WQI) under GIS framework. Applied Water Science, 11, 1-20. 

Rathore, V. K., & Mondal, P. (2017). Competitive adsorption of arsenic and fluoride onto economically 

prepared aluminum oxide/hydroxide nanoparticles: Multicomponent isotherms and spent adsorbent 

management. Industrial & Engineering Chemistry Research, 56(28), 8081-8094. 

Rouquerol, J., Rouquerol, F., Llewellyn, P., Maurin, G., & Sing, K. (2013). Adsorption by powders and porous 

solids: principles, methodology and applications. Academic press. 

Roychowdhury, T., Basu, G.K., Mandal, B.K., Biswas, B.K., Samanta, G., Chowdhury, U.K., Chanda, C.R., 

Lodh, D., Roy, S.L., Saha, K.C., Roy, S., Kabir, S., Zaman, Q.Q., & Chakraborti, D. (1999). Arsenic 

poisoning in the Ganges delta. Nature, 40, 545-546 

Roychowdhury, T., Tokunaga, H., & Ando, M. (2003). Survey of arsenic and other heavy metals in food 

composites and drinking water and estimation of dietary intake by the villagers from an arsenic-affected 

area of West Bengal, India. Science of the Total Environment, 308(1-3), 15-35. 



Page | 67  
 

Rusydi, A. F. (2018, February). Correlation between conductivity and total dissolved solid in various type of 

water: A review. In IOP conference series: earth and environmental science (Vol. 118, p. 012019). IOP 

publishing. 

Saha, D., & Ray, R. K. (2019). Groundwater resources of India: potential, challenges and 

management. Groundwater development and management: issues and challenges in South Asia, 19-

42. 

Saha, N., & Rahman, M. S. (2020). Groundwater hydrogeochemistry and probabilistic health risk assessment 

through exposure to arsenic-contaminated groundwater of Meghna floodplain, central-east 

Bangladesh. Ecotoxicology and Environmental Safety, 206, 111349. 

Sand, S., Concha, G., Öhrvik, V., & Abramsson, L. (2015). Inorganic arsenic in rice and rice products on the 

Swedish market 2015. 

Sanjrani, M. A., Zhou, B., Zhao, H., Bhutto, S. A., Muneer, A. S., & Xia, S. B. (2019). Arsenic contaminated 

groundwater in China and its treatment options, a review. Applied Ecology & Environmental 

Research, 17(2). 

Sankararamakrishnan, N., Gupta, A., & Vidyarthi, S. R. (2014). Enhanced arsenic removal at neutral pH using 

functionalized multiwalled carbon nanotubes. Journal of Environmental Chemical Engineering, 2(2), 

802-810. 

Santha, N., Sangkajan, S., & Saenton, S. (2022). Arsenic contamination in groundwater and potential health 

risk in Western Lampang Basin, Northern Thailand. Water, 14(3), 465 

Sarkar, A., & Paul, B. (2016). The global menace of arsenic and its conventional remediation-A critical 

review. Chemosphere, 158, 37-49. 



Page | 68  
 

Selvam, S., Venkatramanan, S., Sivasubramanian, P., Chung, S. Y., & Singaraja, C. (2017). Geochemical 

characteristics and evaluation of minor and trace elements pollution in groundwater of Tuticorin City, 

Tamil Nadu, India using geospatial techniques. Journal of the geological society of India, 90, 62-68. 

Shaji, E., Santosh, M., Sarath, K. V., Prakash, P., Deepchand, V., & Divya, B. V. (2021). Arsenic contamination 

of groundwater: A global synopsis with focus on the Indian Peninsula. Geoscience frontiers, 12(3), 

101079. 

Sharma, V. K., & Sohn, M. (2009). Aquatic arsenic: toxicity, speciation, transformations, and 

remediation. Environment international, 35(4), 743-759. 

Singh, A. K. (2006). Chemistry of arsenic in groundwater of Ganges–Brahmaputra River basin. Current 

Science, 599-606. 

Singh, A. P., Goel, R. K., & Kaur, T. (2011). Mechanisms pertaining to arsenic toxicity. Toxicology 

internationnal, 18(2), 87–93. https://doi.org/10.4103/0971-6580.84258 

Singh, S., Sharma, P., Mudhulkar, R., Chakravorty, B., Singh, A., & Sharma, S. D. (2022). Assessment of 

hydrogeochemistry and arsenic contamination in groundwater of Bahraich District, Uttar Pradesh, 

India. Arabian Journal of Geosciences, 15, 1-18. 

Smedley, P. L. (1996). Arsenic in rural groundwater in Ghana: part special issue: hydrogeochemical studies in 

sub-Saharan Africa. Journal of African Earth Sciences, 22(4), 459-470.      

Soares, M. B., dos Santos, F. H., & Alleoni, L. R. F. (2021). Iron-modified biochar from sugarcane straw to 

remove arsenic and lead from contaminated water. Water, Air, & Soil Pollution, 232, 1-13. 

Srivastav, A. L., Pham, T. D., Izah, S. C., Singh, N., & Singh, P. K. (2022). Biochar adsorbents for arsenic 

removal from water environment: a review. Bulletin of environmental contamination and 

toxicology, 108(4), 616-628. 

Standard, I. (2012). Drinking water—specification (Second Revision). IS, 10500, 2012. 



Page | 69  
 

Steinbrenner, H., & Sies, H. (2009). Protection against reactive oxygen species by selenoproteins. Biochimica 

et Biophysica Acta (BBA)-General Subjects, 1790(11), 1478-1485. 

Sultana, F. (2011). Suffering for water, suffering from water: Emotional geographies of resource access, control 

and conflict. Geoforum, 42(2), 163-172. 

Taki, R. (2003). Groundwater vulnerability mapping using geographic information system (GIS)—case study 

Qazvin aquifer (Doctoral dissertation, Dissertation. University of Tehran. Tehran, Iran). 

Temkin, M. I. (1940). Kinetics of ammonia synthesis on promoted iron catalysts. Acta physiochim. URSS, 12, 

327-356. 

Uddin, M. J., & Jeong, Y. K. (2020). Efficiently performing periodic elements with modern adsorption 

technologies for arsenic removal. Environmental Science and Pollution Research, 27(32), 39888-

39912. 

Ulatowska, J., Polowczyk, I., Sawiński, W., Bastrzyk, A., Koźlecki, T., & Sadowski, Z. (2014). Use of fly ash 

and fly ash agglomerates for As (III) adsorption from aqueous solution. Polish Journal of Chemical 

Technology, 16(1), 21-27. 

Ullah, Z., Rashid, A., Ghani, J., Talib, M. A., Shahab, A., & Lun, L. (2023). Arsenic contamination, water 

toxicity, source apportionment, and potential health risk in groundwater of Jhelum Basin, Punjab, 

Pakistan. Biological Trace Element Research, 201(1), 514-524. 

United States. Environmental Protection Agency. Office of Health, & Environmental Assessment. (1987). The 

risk assessment guidelines of 1986. US Environmental Protection Agency. 

Upadhyay, S. K., Devi, P., Kumar, V., Pathak, H. K., Kumar, P., Rajput, V. D., & Dwivedi, P. (2023). Efficient 

removal of total arsenic (As3+/5+) from contaminated water by novel strategies mediated iron and 

plant extract activated waste flowers of marigold. Chemosphere, 313, 137551. 



Page | 70  
 

ur Rehman, I., Ishaq, M., Muhammad, S., Din, I. U., Khan, S., & Yaseen, M. (2020). Evaluation of arsenic 

contamination and potential risks assessment through water, soil and rice consumption. Environmental 

Technology & Innovation, 20, 101155. 

Zakhar, R., Derco, J., & Čacho, F. (2018). An overview of main arsenic removal technologies. Acta Chimica 

Slovaca, 11(2), 107-113. 

Zhang, Y., Xu, B., Guo, Z., Han, J., Li, H., Jin, L., Chen, F.  & Xiong, Y. (2019). Human health risk assessment 

of groundwater arsenic contamination in Jinghui irrigation district, China. Journal of environmental 

management, 237, 163-169. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  


