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Abstract: The presence of arsenic in Indian groundwater poses a significant threat to both the
ecosystem and public health. This review paper comprehensively addresses the topic, encompassing
the underlying causes and potential solutions. Health consequences examines the serious health
risks of drinking water contaminated with arsenic. Arsenic’s complex geochemical processes of
mobilization, transport, and distribution in groundwater are investigated. Mathematical models,
geographical analysis, and data-driven modeling are discussed in the context of Indian groundwater.
A comprehensive assessment of removal methodologies and the various factors influencing the
mobility of arsenic is addressed. It was documented that community water purifiers and plants
have successfully eliminated approximately 90% of arsenic, and the implementation of rainwater
collection systems has also enhanced the overall quality of water. This review aims to address existing
knowledge gaps and assess various strategies aimed at ensuring a more secure and sustainable water
supply for the regions in question. The ultimate goal is to enhance the overall well-being of the
population and protect the integrity of local ecosystems.

Keywords: groundwater pollution; health hazards; arsenic mobilization; removal techniques; ground-
water management

1. Introduction

With the escalation in world population and the intensification of development initia-
tives, there is a corresponding escalation in the need for dependable and uncontaminated
water resources. To make up for the disparity between water demand and available surface
water in the 21st century, there has been a growing trend towards the utilization of ground-
water. However, this increased reliance on groundwater has led to a decline in its quality.
The introduction of human-made substances into groundwater and the amplification of
geochemical reactions resulting from aquifer recharge contribute to the deterioration of
groundwater quality [1].

Arsenic is a geogenic, insipid, transparent, and odorless toxic metalloid. In recent
decades, arsenic contamination has garnered significant scientific interest owing to its
adverse effects on the well-being of individuals, ecological systems, and socio-economic
progress. This challenge is particularly noteworthy due to the widespread distribution
of high arsenic content in over 70 nations worldwide. As per the World Water Report by
the United Nations, there is a correlation between declining groundwater levels and the
degradation of global water quality. Approximately 66% of the global extracted groundwa-
ter is concentrated on the severity of arsenic poisoning in Asia, particularly in South and
Southeast Asia [2]. The Indian context pertaining to catastrophic geogenic contamination in
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aquifers of the Ganga–Brahmaputra–Meghna River basin comprises West Bengal, Assam,
Bihar, Jharkhand, Uttar Pradesh, and other affected areas.

When arsenic concentration in groundwater surpasses the drinking water threshold
established by the World Health Organization by a factor of 10 µg/L, it results in arsenic-
enriched groundwater. The International Agency for Research on Cancer and the United
States Environmental Protection Agency have both designated arsenic as a Group 1 and
Group A carcinogenic agent, respectively [3,4]. The presence of arsenic in groundwater
has been associated with a range of adverse health effects, such as keratinization of the
skin [5], hyperpigmentation of the palms and soles, arsenicosis, hyperkeratosis, coronary
heart disease, bronchiectasis, Bowen’s disease, etc.

The hydrogeochemical properties of groundwater with elevated levels of arsenic
indicate that the origins and movement mechanisms are linked to multiple factors, such
as the dissolution of arsenic-bearing minerals, the redox reaction between arsenic-bearing
sulfides [6,7] and arsenic-bearing Fe/Mn-oxyhydroxides with the groundwater [8], the
adsorption/desorption mechanism [9], the role of mineral phases (e.g., Fe/Mn oxide and
hydroxide, arsenopyrite, arsenate, siderite, goethite, rhodochrosite), and groundwater
extraction [9,10].

For groundwater management, many theoretical, statistical, isotopic, mathematical,
graphical, prediction, and gochemical modeling techniques have been developed [11–13].
Artificial intelligence (AI) and machine learning (ML) have evolved as robust approaches
for doing exploratory data analysis (EDA) on environmental factors [14,15]. The com-
plex relationship between arsenic mobilization and groundwater composition must be
understood using various numerical and geochemical modeling methods to apply effec-
tive management measures [16]. Comprehending these intricacies is crucial for efficient
mitigation and policy formulation.

The goal of this paper is to investigate arsenic contamination in Indian groundwater.
The review examines arsenic pollution in Indian groundwater sources by location and
prevalence. The afflicted locations, aquifers, and contamination levels are certain to be dis-
cussed. Arsenic sources, chemical species, adsorption, desorption, and oxidation-reduction
conditions can be investigated. The multiple modeling technique may use mathematical
models, geographical analysis, and data-driven modeling. These models’ virtues and weak-
nesses in Indian groundwater will be debated scientifically. This study examines the many
methods and technologies used to reduce arsenic contamination and improve water access,
noting their complexity. Our main goal is to improve understanding of this topic and lay
the groundwork for novel methods to protect vulnerable individuals and ecosystems.

2. Occurrence of Arsenic in Indian Groundwater

Arsenic is a minor constituent found in the Earth’s crust, occurring at an average
concentration of 1.8 mg/kg. Realgar (As2S2), orpiment (As2S3), arsenopyrite (FeSAs), and
enargite (Cu3AsS4) are some of the most prevalent arsenic-rich minerals [17,18]. Arsen-
ite As(III) is the reduced form of arsenic, commonly found in anaerobic (low-oxygen)
groundwater environments and more soluble and mobile in water [19]. Whereas arsenate
As(V), or H2AsO4

− and HAsO4
2−, depending on pH, is the oxidized form of arsenic [20].

The +3 state is of particular concern due to its increased toxicity and tendency to persist
undissociated (e.g., H3AsO3) in groundwater over a broad pH range [21]. Organic arsenic
compounds can be found in groundwater with As(III) and As(V). Methylated forms of
arsenic, including dimethylarsinic acid and monomethylarsonic acid, are examples of
organic molecules that are often less poisonous than their inorganic counterparts [22]. Vol-
canic eruptions have the potential to release gases and ash that contain arsenic, which can
subsequently contaminate both surface and groundwater sources. The release of arsenic
into the environment can occur during mining activities, particularly in regions where
arsenic is naturally found [23]. Improper disposal of devices and batteries in landfills and
dumpsites has the potential to result in the leaching of arsenic into groundwater [24].
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Podgorski et al. [25] analyzed 132,028 sampling points to identify regions at risk
of high groundwater arsenic levels (>10 µg/L), as illustrated in Figure 1. In this study,
Podgorski and team created a random forest model using 132,028 pieces of data and surface
environmental indicators. The data from Bihar and West Bengal were balanced by averaging
readings within 1-km2 pixels, resulting in 23,799 points. The updated data distribution,
with 42% above 10 µg/L, was utilized to develop a binary model classifying concentrations
as above or below. Groundwater arsenic contamination in India can be subdivided into
two main regions: the alluvial regions of West Bengal, Bihar, Jharkhand, Uttar Pradesh,
Assam, and Punjab, and the hard-rock regions of Karnataka and Chhattisgarh. Alluvial
aquifers constitute the primary source (90%) of arsenic contamination in India. Whereas,
hard rock aquifers comprise only 10% of the total affected regions [26]. A recent scientific
study has documented that arsenic presence in groundwater in India surpasses a maximum
contaminant level, thereby posing a potential risk to over 100 million individuals [27].
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The alluvial region, primarily the Ganga/Brahmaputra/Meghna River basin of the
Indian subcontinent, experiences significant impacts from groundwater arsenic contamina-
tion [28,29]. The Ganga–Brahmaputra–Meghna River encompasses around 26% of the total
area of India and supports a population exceeding 500 million individuals. The Bengal
basin, a component of the larger Ganga–Brahmaputra–Meghna River basin, is inhabited
by a substantial population and has had the highest incidence of individuals impacted by
groundwater arsenic contamination [30,31]. The Bengal Basin comprises portions of the
Indian states of Assam, Tripura, and West Bengal. The occurrence of arsenic has also been
documented in Uttar Pradesh, Jharkhand, and Bihar within a floodplain of the Ganga River,
as well as in Assam and areas of Punjab situated in a floodplain of the Ravi River [32].

West Bengal demonstrates a significant level of arsenic contamination relative to other
states in India, with major frequency seen in the districts of Nadia, Murshidabad, South
24 Parganas, and North 24 Parganas [26,33]. According to a study, a total of 79 blocks
distributed throughout eight districts were found to exhibit arsenic levels that exceeded
50 µg/L [28]. In a study covering nine different districts, it was shown that three of them
have over 95% of their blocks with arsenic concentrations higher than the safety limit of
50 µg/L [29]. More than 50 million people are said to be affected by the high levels of
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arsenic in drinking water along the Ganga and Brahmaputra basins [24]. The Burdwan
region exhibited the most elevated concentration of arsenic in groundwater, as reported by
Sarkar et al. [31].

Bihar has garnered scientific interest due to the detection of significant levels of arsenic
pollutants in 12 districts and 32 blocks situated along the Ganga River [28,29]. The Ganges
River basin in Bihar encompasses Holocene alluvial plains that have deposits of arsenic
minerals in many regions, including Patna (the capital city of the state), Vaishali, Bhagalpur,
Munger, and Buxar [34]. The Kosi River basin in northern Bihar exhibits Holocene alluvial
sedimentation. Holocene alluvial deposits have been identified in the Gandak River/Sone
River/Punpun River basin [35]. Water samples from the Maner block in the Patna district
were found to be contaminated with arsenic at a mean value of 52 g/L and a maximum
concentration of 231 g/L, according to research by Singh and Ghosh. Arsenic is vertically
distributed in a layer of fine-grained clay that is 4.5–7.5 m thick [36]. Arsenic in the drinking
water poses a serious threat to the lives of an estimated 10 million people in Bihar [32,33].

Uttar Pradesh is geographically situated in the central and upper regions of the Ganga
basin in the northeastern section of India [37]. There are a total of 70 districts in Uttar
Pradesh, but 20 of them have arsenic-contaminated groundwater [38]. The district of Ballia
has been reported to demonstrate a substantial occurrence of arsenic at elevated levels [39].
Multiple districts in Uttar Pradesh have been documented to exhibit contamination of
arsenic in their subterranean water sources [40]. The mean arsenic concentration in the
postmonsoon was 38.3 mgL-1, which is significantly less than the mean arsenic concentra-
tion in the premonsoon (259.5 mgL−1) [36]. As per the research conducted by Raju [22], the
results indicate a reduced degree of arsenic retention and contamination in the central re-
gion of the Ganga Plain in comparison to the Bengal Delta. The study found that Singhaour,
with an average arsenic concentration of 180 mg/L, had the highest concentration. Ground-
water in the Shuklaganj neighborhood of Kanpur–Unnao was studied by Chauhan et al.,
who found that the vast majority of the samples tested positive for both trivalent and
pentavalent arsenic [41]. The study reveals a causal association between arsenic and cancer
incidence in an arsenic-exposed population in Bihar, where blood samples from cancer
patients contain increased arsenic levels [42].

Numerous districts in Jharkhand, particularly those situated in the Gangetic Plains
and on the Chotanagpur plateau, exhibit the presence of arsenic contamination within their
groundwater resources. The presence of the highest arsenic contamination (133 µg/L) in
Jharkhand is primarily observed in the Sahibganj district, which is located along the banks
of the Ganga River [26,43].

The central ground water board of India has documented the significant arsenic
presence, with a maximum concentration of 397.5 µg/L, in twelve distinct locations across
five districts within Punjab [44]. The districts affected by arsenic exposure are situated
along the river courses of the Ravi and Beas, which likewise have origins in the Himalayas.
The Malwa area of Punjab was separated from the other regions by the left bank of the Sutlej
river. Hundal et al. (2009) conducted a study in the Malwa region of Punjab, where they
discovered that hand pumps and canal water exhibit higher levels of arsenic contamination
compared to the permissible limits set by the World Health Organization (WHO) [45]. Their
findings shed light on the geogenic source of arsenic in groundwater [45].

In Assam state, located in northeastern India, initially, a limited number of samples
collected from the districts of Karimganj, Dhubri, and Dhemaji exhibited groundwater
with an arsenic concentration exceeding 50 parts per billion (ppb) [46,47]. Subsequently,
in the study done by Patel et al., it was found that a proportion of around 19.4% of the
groundwater samples analyzed displayed arsenic concentrations that were beyond the
acceptable limits [40,41].

In addition to the alluvial flood plain, the presence of arsenic contamination was
observed in the hark rock terrain across 11 villages in the Rajnandgaon district of Chhattis-
garh state [24] and a few locations in Karnataka [48]. According to reports, a significant
number of individuals in the state of Chhattisgarh were subjected to exposure to arsenical
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skin lesions, resulting in the identification of several patients afflicted with keratosis [24].
Arsenic contamination of groundwater has been documented in parts of Karnataka where
gold mining and related operations have taken place. The Hutti Gold mining zone of
Raichur district, as well as the abandoned gold mining zones of the present Yadgir district,
serve as notable examples. Chemical waste was discharged into surrounding areas after
gold extraction. Arsenic leached from arsenopyrite-containing dumping materials into
groundwater during the rainy season, which led to localized arsenic enrichment in the
nearby underground aquifer [48].

3. Health Implications of Arsenic Contamination

The arsenic pollution in the groundwater of India poses significant health hazards,
encompassing a spectrum of adverse effects such as skin lesions, cancer, and cardiovascular
ailments (Figure 2). Table 1 displays the distribution of arsenic in Indian states.
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In the lowlands of West Bengal, Bihar, and Uttar Pradesh in India, particularly in
the Ganga–Meghna–Brahmaputra (MGB) region, around 3000 communities have arsenic
concentrations above 50 ppm, endangering 6 million people [49]. Long-term exposure to
arsenic, primarily from the ingestion of polluted groundwater, is linked to a diverse array of
severe and frequently irreversible health consequences (Figure 2). Haldar et al. [50] found
premature hair graying, aging, and cancer death in Jajjal village, Bathinda, Punjab. At least
40 of Uttar Pradesh’s 75 districts have arsenic levels above permissible limits, endangering
23 million individuals [51]. The reproductive system is susceptible to adverse effects since
studies have established a correlation between arsenic exposure and severe pregnancy
outcomes such as spontaneous abortion, stillbirth, and preterm birth. Wu et al. used the
population-attributable fraction (PAF) method to estimate the number of deaths in India and
its individual states, territories, and districts that can be attributed to drinking groundwater
with high concentrations of arsenic (>10 g/L). The research findings indicate that 0.3–0.6%
of cardiovascular disease deaths can be attributed to the presence of elevated levels of
arsenic in groundwater. premature cardiovascular disease-related deaths in India that could
be prevented by avoiding chronic exposure to arsenic-contaminated groundwater [52].
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Table 1. State wise distribution of Arsenic in India.

State District Range of Concentration
of Arsenic (µg/L) Probable Mechanism References

West Bengal

24 Parganas
(North and South) 0.77–69.65 Dissolution of Arsenopyrite mineral [53]

Kolkata 0–825 Reductive dissolution of FeOOH faciliated
in presence of high organic carbon [54]

Hooghly 0–481 Carbonate dissolution and
Fe-oxyhydroxide reduction [55]

Howrah 3–100 Reductive dissolution of FeOOH faciliated
in presence of high organic carbon [56]

Burdwan 5–138 Reductive dissolution and sedimentation [57]

Malda 0–800 Reductive dissolution of FeOOH faciliated
in presence of high organic carbon [58]

Murshidabad 10–4622 Pleistocene/Holocene sediments,
reductive dissolution [59]

Nadia 3–206 oxidation of arsenic-bearing minerals [60]

Bihar

West Champaran 0–397 -- [61]

Siwan 0–150 Ferric arsenate hydrolysis of arsenopyrite. [53]

Shahpur 0–500 -- [62]

Samastipur 0.19–135 Organic matter oxidation and iron
oxyhydroxide reduction [63]

Patna 5–300 Dissolution of Arsenopyrite mineral [64]

Bhagalpur 3–143 -- [65]

Buxer 10–550 Reductive dissolution of FeOOH faciliated
in presence of high organic carbon [66]

Bhojpur 10–1805 Carbonate dissolution and
Fe-oxyhydroxide reduction [67]

Begusarai 21.5–94.3 Carbonate dissolution and
Fe-oxyhydroxide reduction [68]

Uttar Pradesh

Moradabad 0–224 Oxidation of Arsenic-rich Sulfide Minerals [69]

Lakhimpur Kheri 10–510 Oxidation of Arsenic-rich Sulfide Minerals [70]

Ghazipur district 10–96 arsenolite minral dissolution [71]

Ballia 0–300 Fe Oxyhydroxide Reduction [72]

Unnao 151–448 Industries and agriculture input [41]

Ballia 4.18–75.60 Reductive dissolution of Fe Oxyhydroxide [73]

Jharkhand Sahebgunj 7–115 Phosphate adsorption [74]

Punjab

Ropar 2–11 Reductive dissolution of Arsenopyrite [75]

Malva 61–187 Phosphate adsorption [76]

Amritsar 11.4–688 Oxidation of Arsenic-rich Sulfide Minerals [77]

Firozpur 0–255.6 Carbonate dissolution and
Fe-oxyhydroxide reduction [78]

Pathankot 4.35–23.25 Phosphate adsorption [79]

Assam

Sonitpur 0–11.15 Arsenic bearing minerals dissolution [46]

Darrang 10.1–93.05 Transport after Kushiara river [80]

Karimganj 1.3–16.4 Dissolution of Arsenic-bearing Minerals [81]
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Table 1. Cont.

State District Range of Concentration
of Arsenic (µg/L) Probable Mechanism References

Assam

Dhemaji 0.1–569 Reductive dissolution of FeOOH faciliated
in presence of high organic carbon [82]

Barpeta 0–36.88 Reductive dissolution of FeOOH faciliated
in presence of high organic carbon [83]

Chhattisgarh

Rajnandgaon 148–985
Reductive dissolution of FeOOH
faciliated in presence of high organic
carbon ductive dissolution

[84]

Korba 36–154 Reductive dissolution of FeOOH faciliated
in presence of high organic carbon [85]

Karnataka Raichur 0.19–10.55 Phosphate adsorption [86]

4. Fate and Transport of Arsenic in Groundwater

The mobilization of arsenic ions in the aquifer occurs through a synergistic combina-
tion of natural and anthropogenic processes [22]. The following discussion will elucidate
several prominent geochemical mechanisms (Figure 3) that can facilitate the liberation of
arsenic in groundwater.
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4.1. Dissolution of Arsenic-Bearing Minerals

Different forms of arsenic-containing minerals, such as arsenopyrite (FeAsS), realgar
(As4S4), and orpiment (As2S3), occur naturally. The precise fraction of the released arsenic
ions is determined by parameters such as pH and redox conditions. Arsenite (As(III)) is
released into groundwater in acidic conditions characterized by reduction. The solubility
and mobility of arsenite are greater compared to arsenate (As(V)), which is more prevalent
in oxidizing settings.

In the Bengal delta plain, potential origins of arsenic include the transportation of
Gondwana coal from a Rajmahal trap area, situated to the west of a basin, through the
River Ganges and its tributaries. The facilitation of material transportation from the base-
metal deposits in Gorubathan, located in the eastern Himalayas, is achieved through the
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utilization of the north Bengal tributaries of Bhagirathi and Padma. The sedimentary soil
found in West Bengal, India, is composed of various minerals, including pyrite rich in
arsenic, magnetite, hematite, quartz, and calcite. Additionally, the soil contains rozenite
(FeSO4·2H2O), a hydrated iron sulfate compound. The phenomenon of the spontaneous
occurrence of arsenic in groundwater within specific regions of the Bengal delta plains
(BDP) in the West Bengal state of India has been extensively recorded and studied [87].
Clay layers or low-hydraulic-conductivity aquifer materials can hold arsenic-contaminated
groundwater and prevent it from flushing out. This can cause groundwater arsenic buildup.
The analysis of bore-hole samples revealed elevated levels of arsenic exclusively inside soil
strata that exhibit a significant presence of iron pyrites, as reported by Das et al. [30].

4.2. Oxidation of Arsenic-Rich Sulfide Minerals

Geological deposits frequently contain sulfide minerals that are abundant in arsenic,
such as arsenopyrite (FeAsS), realgar (As4S4), and orpiment (As2S3). These minerals demon-
strate a significant level of stability when located at significant depths on the earth’s surface
and are effectively protected from the presence of oxygen and water. Natural weather-
ing processes or human operations such as mining expose these minerals to atmospheric
conditions, which can lead to oxidation. Upon the introduction of molecular oxygen (O2)
derived from the surrounding atmosphere and water (H2O) to the arsenopyrite sample,
the commencement of the oxidative degradation process was observed. In this reaction,
arsenic in the sulfide mineral is oxidized from its original state (usually arsenic in a sulfide
form) to arsenate (AsO4

3−), which is highly soluble in water [88].
This phenomenon arises because bedrock aquifers have experienced a transition

towards oxidizing conditions in response to a decrease in groundwater levels observed
during dry seasons [89]. This results in the creation of Fe2+, which is then released into
groundwater. In conjunction with the generation of arsenate, the process of sulfur oxidation
in the sulfide mineral concurrently yields SO4

2− ions [90]. The soluble ions of arsenate
and sulfate have the potential to undergo leaching, thereby infiltrating the adjacent soil,
groundwater, and surface water.

According to reports, the metamorphic and granitic Himalayan parent rocks that the
Ganga, Brahmaputra, and Meghna rivers flow through are the primary source of the sulfide
minerals found in the fluvial silt [91]. It was highlighted that the low correlation of arsenic
with bicarbonate (HCO3

−) suggests that competitive adsorption by bicarbonate may not
be the primary mechanism for the mobilization of arsenic in the Ganga and Ghagra River
basins. In Bihar, fluvial geomorphology may have an effect on arsenic’s dispersal, as it
appears to be most concentrated near the Ganges River. The identification of a reduced
level of SO4

2− and NO3
− ions, along with their restricted correlation with arsenic, indicates

that the mobilization of arsenic is impacted by redox processes [92].
The regions of Chhattisgarh and Karnataka that have been impacted by the hard rock

terrain are characterized by the presence of acidic volcanic rocks and granite formations.
Natural deposition of arsenic-rich pyrite and microbial respiration of organic carbon cause
groundwater contamination in Chhattisgarh [93].

4.3. Fe Oxyhydroxide Reduction

The process of iron oxyhydroxide (FeOOH) reduction plays a pivotal role in the
liberation of arsenic into the groundwater within the Ganga–Brahmaputra delta region
of India with the deltaic and alluvial deposits. The expanding extent of rice farming and
the biodegradation of peat inside sedimentary deposits are contributing factors to the
emergence of restrictive environmental conditions. In the respiration of microbes, iron
oxyhydroxides play a crucial function as electron acceptors. During the decomposition of
iron oxyhydroxides, Fe(III) becomes Fe(II) and As(V) becomes As(III) [38].

The Jharkhard is overlayed by metamorphics of the pre-Cenozoic era, alluvial deposits
from the Riverian area, and recent-aged alluvial deposits of the Himalayas [94]. The high
concentration of organic carbon present in a narrow alluvial stratigraphy facilitates its
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transportation downwards through the process of water percolation resulting from rain-
fall infiltration. The presence of organic carbon in the environment enhances microbial
respiration and initiates the process of reductive dissolution of arsenic (As) and iron (Fe)
in the solid phase. This process additionally yields HCO3

− ions, thereby establishing the
correlation between arsenic and HCO3

− in shallow groundwater. In their study, Mukher-
jee et al. [95] observed that the redox-sensitive variables exhibited consistent reducing
situations throughout the sampled aquifers without any discernible depth variation.

The tube-wells in the submerged channels and floodplains of Holocene Newer Allu-
vium deposits along the concave Ganga River in Varanasi have a high concentration of
As [22]. The Siwalik foreland, located to the east of the lower Himalayas, is drained by
three major rivers, namely the Ganga, Meghna, and Brahmaputra. It has been observed
that these rivers have a higher concentration of arsenic than rivers that originate from
the Himalayas’ higher elevations. Iron is Fe(II) in reducing settings and Fe(III) in redox
conditions. In neutral to alkaline pH, the Fe(III)/Fe(II) and As(V)/As(III) redox limits are
close [96]. Significant portions of the more recent alluvial belt located within the middle
Ganga Plain exhibit extended waterlogging, thereby serving as areas conducive to the
accumulation of biomass. The organic carbon originating from biomass is transported via
vertical groundwater percolation, which is facilitated by the infiltration of precipitation
and bodies of water [96].

4.4. Phosphate Adsorption

The escalation in water utilization for irrigation purposes and the application of fertil-
izers have led to the movement of phosphate from fertilizers towards shallow aquifers [22].
The process of reductive dissolution of Fe(III) from bigger sediment particles in the aquifer
results in the release of PO4

3− and As into the groundwater. It is observed that PO4
3−

and As also exhibit a positive association since arsenic and phosphorus have comparable
chemical characteristics [97].

5. Factors Influencing Arsenic Mobility and Transport

A number of vital factors influence the hydrochemistry of arsenic-contaminated
groundwater in India, as illustrated in Figure 4.
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5.1. pH

The pH levels of groundwater in India have a notable influence on the mobilization
of arsenic, with the specific consequences being contingent upon the hydrogeological
and geochemical conditions present in the local area. In situations where the pH ranges
from acidic to neutral (pH < 7), the prevailing species is arsenite (As(III)). The mobility
and toxicity of arsenite are greater in comparison to arsenate (As(V). Arsenate (As(V))
occurs more frequently in neutral to slightly alkaline conditions (pH > 7). Arsenate has
lower ion mobility and a higher adsorption propensity on mineral surfaces. Manning
and Goldberg [98] highlighted that the highest arsenic adsorption capacity on kaolinite
occurs at a pH level of 5. However, adsorption capacity declines significantly when the pH
exceeds 6.5. When compared to montmorillonite, which has a pH of 5, the illite mineral
has a more desirable range of values between 6 and 8. In their work, Anawar et al. [99]
revealed that arsenic desorption starts at pH 9.

5.2. Redox Conditions

The process of organic matter degradation in groundwater systems initiates a sequence
of intricate REDOX reactions in which arsenic is released into the groundwater through the
breakdown of Fe and Mn oxides. Typically, reductive dissolution occurs in anaerobic or
suboxic environments, such as groundwater, where oxygen (O2) is scarce or non-existent
and facilitates the solubilization of arsenic in groundwater.

The process of reduction can be initiated by a variety of chemical or biological agents.
Anaerobic microorganisms utilize metal oxides as electron acceptors within their metabolic
pathways. The released electrons are used in microbial respiration, whereas the released
protons (H+) lower the pH of the surrounding environment. Arsenic solubilization is
accelerated by the observed fall in pH. Groundwater’s dissolved organic matter acts as a
carbon supply for microorganisms’ metabolic activity and as a catalyst, speeding up the
biogeochemical process of arsenic. Iron and manganese oxides in groundwater are more
difficult to dissolve due to the synergistic effect of organic materials and microbes [100].
Within the subsurface, the process of sulphate ions (SO4

2−) being transformed into sulphide
ions (S2−) can take place via a reduction reaction within an environment that is significantly
depleted of oxidizing agents. Therefore, the presence of sulphide ions will affect the
distribution of arsenic and iron throughout the groundwater system.

The Mn(IV)-oxyhydroxides in solid form are believed to have a significant impact on
redox buffering. It rapidly oxidizes As(III) to As(V) and adheres As(V) to effectively remove
arsenic from water [91]. Several parts of the Bengal basin have been shown to contain high
manganese (Mn) concentrations despite having relatively low iron and arsenic contents,
respectively. Vega et al. [101] provide a thermodynamic argument that suggests that in an
oxygen- and nitrate-depleted aquifer, manganese in its +4 oxidation state (Mn(IV)) is the
primary electron acceptor for the microbial organisms involved in respiration. Microbes
frequently engage in the reduction of Fe(III) subsequent to the enhancement of Mn(IV)
accessibility. Furthermore, research has indicated that Mn(IV)-oxides possess the capability
to facilitate the oxidation of Fe(II) to Fe(III), resulting in the subsequent formation of Fe(III)
precipitates. As a result, new sites are created where arsenic can be adsorbed and decrease
arsenic levels in groundwater.

5.3. Desorption of Arsenic in the Alkaline Environment

Under alkaline conditions, the process of arsenic desorption can take place through
a range of different mechanisms. Elevated levels of hydroxide ions (OH−) can engage
in competitive interactions with arsenic to occupy binding sites on soil and sediment
particles, resulting in the process of desorption. In alkaline environments, the breakdown
of iron and manganese oxides may occur, leading to the liberation of adsorbed arsenic
into groundwater.

In some regions of Uttar Pradesh’s Mid-Gangetic floodplains, a significant increase
in the concentration of arsenic was observed within the pH range of 8 to 9 during the
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post-monsoon period. The observed occurrences can be explained by the desorption of
arsenic from iron (hydr)oxides during aquifer recharge. The increased pH levels in the
Mid-Gangetic floodplains are also thought to play a role in the weathering and dissolution
of silicate minerals, both of which contribute to the release of arsenic [102]. The hydrological
characteristics based on the water facies of the water table of Lakhimpur district, which lies
in the top portion of the Brahmaputra floodplain (UBF), indicate that high arsenic-enriched
groundwater due to the presence of alkalinity in the water plays a role in facilitating the
dissolution of arsenic [103].

5.4. Organic Matter

The dissolved organic matter found in groundwater acts as a carbon source, promoting
the process of reductive dissolution facilitated by microorganisms. In the realm of organic
matter, the key mechanisms facilitating the release of arsenic encompass complexation,
adsorption, competition, and electron transfer. Organic matter in groundwater can adsorb
arsenic ions onto its surfaces and form complexes with arsenic, leading to a reduction
in the mobility of arsenic. The microbial process of organic matter reduction can result
in the creation of optimum conditions for the solubility of arsenic in iron oxyhydroxide
minerals in a reductive condition. It has been hypothesized that buried peat deposits play
a role in creating favorable redox conditions for the liberation of arsenic ions from iron
oxyhydroxide (FeOOH) minerals [104]. The Bengal basin shows a large distribution of peat
deposits [105]. Petroleum reservoirs have been detected within the geographical area at
a depth of approximately 5.6 km in the Bengal basin. The petroleum may have risen to
shallower habitats, where it was subjected to biodegradation processes helped along by
microorganisms. Additional comprehensive investigations are required to ascertain the
presence of organic mass originated from carbonaceous deposits in other regions of the
Bengal basin aquifers [105].

Organic matter particles contain functional groups such -COOH, -OH, -O-, and
-CONH2. These functional groups coordinate with arsenic, improving sediment adsorp-
tion [106]. The process of jute processing yields a substantial quantity of dissolved organic
carbon that is accountable for the arsenic enrichment observed in the Bengal basin [107]. The
influence of organic matter on arsenic mobility is site-specific and depends upon the organic
matter’s composition and concentration, the aquifer’s geochemistry, and other factors.

5.5. Microbial Activity

Aquifers with a shallow depth and a high concentration of organic matter are prone to
experiencing biogeochemical processes involving arsenic, which are primarily impacted by
microbial activity. Various mechanisms by which microbes can affect arsenic’s movability
are elaborated upon below.

5.5.1. Microbial Reduction

Arsenate (As(V)) can be converted to the less mobile and less poisonous form, ar-
senite (As(III)), by microbes such as iron/sulfate-reducing bacteria [101]. The microbial
community, predominantly composed of Acinetobacter, Sideroxydans, Brevundimonas,
Alkanindiges, Desulfuromonas, Pelobacter, and other species, plays a crucial role in shap-
ing the biogeochemical processes and the mobilization of arsenic in areas of the Bengal
basin that are rich in organic matter and contaminated with arsenic [108].

The local bacterial population possesses the capacity to modify the redox conditions,
facilitating the reductive dissolution of arsenic from Fe/Mn-oxyhydroxides as well as from
iron (Fe) and manganese (Mn) compounds. It has been revealed that the iron-reducing
bacterium Shewanella alga can dissolve FeOOH, making it easier to mobilize arsenic from
ferric arsenate and sorption sites in sediment [23]. Organisms such as Geospirillum barnesii
exhibit the ability to enzymatically reduce both Fe(III) and As(V), thereby facilitating the
process of aresenic adsorption onto iron oxides. This enzymatic activity promotes the
mobilization of aresenic [23].
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5.5.2. Microbial Oxidation

Certain bacteria possess the ability to undergo the process of oxidizing arsenite (As(III))
into arsenate (As(V)), especially in environments with high levels of microbial activity and
ample oxygen supply. Furthermore, effective precipitation of As(V) can be achieved with
the use of aluminum (Al) or iron (Fe) oxide or hydroxide [109].

5.5.3. Sorption and Sequestration

Microbes have the ability to immobilize arsenic either by directly adsorbing it onto
their surfaces or by forming biofilms that effectively trap arsenic molecules [91]. In a broad
sense, arsenic has the ability to attach itself to the functional groups (-COOH, -NH2, -SH,
-OH, and -PO4) present on the surface of microbial cells [110]. The process of binding takes
place through various mechanisms, including ion exchange, chelation, and physical adsorp-
tion. Binding sites can be found in the cell membranes, cell walls, and even extracellular
polymeric molecules of a microbe. In both Gram-negative and Gram-positive bacteria,
phosphate groups and peptidoglycan chains serve as the principal sites for cationic and
anionic binding, respectively [110].

5.6. Competition for Electron Acceptors

Arsenic and microbes struggle for environmental electron acceptors [111]. Arsenic may
be less mobile if sulfate-reducing bacteria, for instance, use sulfate as an electron acceptor
instead of arsenic. In order to forecast the impact of microorganisms on the behavior of
arsenic and devise effective approaches for reducing arsenic pollution in groundwater and
sediments, it is imperative to possess a comprehensive comprehension of the microbial
ecology and geochemical conditions specific to a particular area [110].

5.7. Co-Existing Ions

The rate of binding of As(III) at various levels is hindered by the aggressive interaction
between other negative ions and As(III) anions. The inhibitory effect is enhanced when the
concentration of anions in the solution increases [65]. In this circumstance, chloride ions
and sulfate ions are extremely effective in preventing arsenic (III) attachment to diverse
surfaces [9]. Biswas and colleagues conducted a study to examine the impact of co-existing
ions on the solubilization of arsenic in the aquifer of the Bengal basin. They used surface
complexation modeling to analyze the changes with time in arsenic concentration. Evidence
suggests that PO4

3− displays the highest degree of competition, followed by Fe2+, silicic
acid, and HCO3

− in that sequence of decreasing intensity [24].

5.8. Temporal, Seasonal, and Spatial Trends

Numerous studies conducted worldwide have reported substantial seasonal fluctu-
ations in arsenic levels while observing minimal or negligible temporal fluctuations in
arsenic concentration at the exact sampling site [65]. Raju performed a comprehensive
examination of litho-facies sequences in sediment samples obtained from boreholes in the
Varanasi region of India [22]. The researcher reached the conclusion that the concentra-
tion of element aresenic is higher in litho-types characterized by finer black clay and clay
grains compared to materials with coarser silt and fine sand grains [22]. Arsenic levels in
the ground can be lowered by allowing rainfall to infiltrate and mix with existing water
supplies. The process of recharging initiates a series of biogeochemical reactions as a result
of alterations in redox conditions caused by the introduction of oxygenated water into the
aquifer. These activities promoted arsenic sorption, resulting in a rapid decrease in arsenic
levels in groundwater. Arsenic’s mobility and concentration may be reduced in an aquifer
due to increased oxidation during the dry season, when groundwater levels are low [112].
The Murshi–Dabad district of West Bengal, India, exhibited a marginal yet discernible
decline in concentrations of element aresenic from the premonsoon to the postmonsoon
period, as reported by Farooq and team [107]. In the study conducted by Choudhury et al.
(2016), it was discovered that among the 927 deep tube wells distributed across an area of
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180 km2 in Araihazar, Bangladesh, only nine of them, located in late Pleistocene aquifers,
contained arsenic levels exceeding 50 parts per billion [113]. In five out of the nine instances,
the deep groundwater was found to be contaminated with arsenic as a result of seepage
and the inclusion of extra screens in the shallow aquifer zone.

The presence of arsenic concentrations exceeding 10 parts per billion (ppb) in the deep
aquifers of the Bengal basin, which formed during the late Pleistocene epoch, may be the
result of extensive groundwater extraction [113].

6. Modeling Arsenic Enrichment in Indian Groundwater

A detailed overview of the key modeling tools and methodology utilized in the study
of arsenic pollution in groundwater within the context of India is discussed below:

6.1. Hydrogeological Modeling

Arsenic’s mobility and distribution in aquifers, as well as the identification of pollu-
tion sources and the development of relevant mitigation methods, are all aided by these
models. In order to simulate groundwater flow and estimate hydraulic conductivity and
other aquifer parameters, the modular groundwater flow model (MODFLOW) is frequently
used in India [114,115]. It is widely utilized in coastal aquifers [116]. Hydraulic conductiv-
ity measurements can be effectively interpolated through the utilization of geostatistical
techniques such as kriging as well as advanced machine learning models like artificial
neural networks (ANNs). Subsurface imaging is achieved through the utilization of ground
penetrating radar (GPR), while potential aquifer sites are identified with the assistance of
remote sensing data. Spatial analysis involves the application of geographic information
systems (GIS) to facilitate the processing and understanding of data [117].

6.2. Transport Modeling

Transport models are utilized in order to gain an understanding of the movement
of arsenic within the aquifer. These models utilize simulation methodologies to evaluate
the dispersion of pollutants, considering aspects such as advection, dispersion, and other
pertinent transport mechanisms [11]. These models facilitate the prediction of temporal
and spatial arsenic concentration fluctuations [118,119].

Logistic regression models (LRMs) have been widely utilized for the prediction of
global spatial distributions of arsenic [11,13]. The research conducted by Bindal and Singh
sought to examine twenty direct predictor variables in order to comprehensively char-
acterize the geochemical conditions, water level, and land cover that contribute to the
contamination of arsenic [51]. Golia and Vassilios used robust quadratic regression analysis
on several variables to predict Fe and Cd concentrations at different soil depths [120]. The
regression categorization tool and regression tree can be combined in the RF machine learn-
ing tool for minimal changes in the bagging algorithm. The hybrid random forest ensemble
model forecasts the cartographic depiction of Arsenic with a high level of accuracy, reach-
ing an overall precision rate of 84.67% [51]. The hybrid random forest ensemble model
successfully classified seven districts in Uttar Pradesh as exhibiting a substantial level
of risk [121,122]. The aforementioned districts encompass Ballia, Gorakhpur, Ghazipur,
Gonda, Faizabad, Barabanki, and Lakhimpur Kheri. The model’s prediction probabilities
for the aforementioned districts span from 0.8 to 1.0, with a value of 1.0 denoting the
highest probability of occurrence [39]. Saha et al. employed hybrid random forest models,
namely RF, RF-GOA, RF-GWO, and RF-PSO, within the context of the elevated arsenic
contamination zone located in the contaminated Ganges delta region in India. The vul-
nerability maps have been utilized by the team of investigators, who concluded that the
approximate range of 6.35–13.5% and 2.22–9.39% of the study region demonstrate elevated
levels of susceptibility to groundwater vulnerability. The mentioned vulnerable locations
are predominantly situated within the north-western and middle-central regions [32]. In
their study, Shaheen and Iqbal utilized the RF function of the Boruta algorithm to analyze



Water 2023, 15, 4125 14 of 26

soil depth as a classifier. They proceeded to rank the key soil contamination characteristics,
namely Cd, Cr, Pb, P, and EC, in proportion to their respective depths [123].

Khan et al. used principal component analysis to understand more about the possible
mechanisms that regulate the geochemical parameters of groundwater in a particular area
of the upper Gangetic Plain in Uttar Pradesh. The main component shows 36.4% of the
variance, with loadings for EC, TDS, Na+, Ca2+, Mg2+, Cl−, and SO4

2−. These factors
highlighted the significant modification of the composition of groundwater by both natural
and anthropogenic factors [124].

6.3. Geochemical Modeling

Hydrogeological models frequently incorporate geochemical modeling techniques
to forecast the dynamics of geogenic contaminants in the aquifer [125]. The research
also examines the impact of different chemical reactions and equilibria on the movement,
distribution, and binding of arsenic to solid surfaces. The processes are simulated using
geochemical modeling software like PHREEQC, or Geochemist’s Workbench [32].

6.4. Risk Assessment Models

Probabilistic risk assessment (PRA), dose-response modeling, GIS, and multi-criteria
decision analysis are the common risk assessment models [126]. A population exposed to
arsenic-contaminated groundwater is assessed for health risks using probabilistic risk as-
sessment. Dose-response models of arsenic exposure are utilized to quantify the probability
of particular health effects [52]. These models assess the potential carcinogenic and non-
cancerous health effects linked to arsenic exposure in India. Geographic information system
tools are utilized to delineate the spatial distribution of arsenic contamination, analyze
exposure patterns, and identify populations that demonstrate increased susceptibility to its
adverse effects. Multi-criteria decision analysis (MCDA) models are employed to determine
the prioritization sequence for mitigation and intervention locations by considering a range
of variables, including health hazards and socioeconomic aspects.

The GIS-machine learning model for groundwater in Murshidabad district, West,
yields calculated areas below the curve of random forest, support vector machine, and
support vector regression of 0.901, 0.923, and 0.897 in training datasets and 0.899, 0.910, and
0.891 in validation datasets. The vector regression approach is effective for locating arsenic-
vulnerable zones in Murshidabad district, West Bengal, India [32]. Saha et al. conducted an
assessment of the health hazards in the Ganges delta region using the human health hazard
index. He concluded that a high health hazard zone is located in the southern region, as
well as certain sections of the northern area, within the Ganges delta. The risk assessment
categorizes zones as low (35.94%), moderate (24.52%), high (23.30%), very high (12.46%),
and extremely high (3.77%), respectively [32].

According to the findings of Goswami et al., the presence of arsenic exceeding 10 µgL−1

(WHO) was detected in the groundwater of Majuli, Assam [127]. The results indicated
a statistically significant and positive correlation between the quantities of arsenic seen
in the biological samples and the comparable values detected in the groundwater. The
variability may be attributed to factors such as differences in health status, malnutrition,
socioeconomic factors, the use of safe drinking water, and the conditions in which water
is stored [103]. In another study in Nagaon, Assam, and the Lakhimpur region, drinking
water exposure analysis showed residents are exposed to carcinogenic and non-carcinogenic
health concerns [128]. Dwivedi et al. (2023) emphasized that an estimated 17 million
individuals face the threat of arsenic poisoning in the Ghaghara basin [40]. This puts them
at a lifetime incremental cancer risk that is more than two orders of magnitude greater [40].

7. Mitigation Strategies for Arsenic Contamination

A variety of methods are commonly employed to remove arsenic from drinking water
treatment (Figure 5). These various technologies are described below:
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7.1. Adsorption

Adsorption is a commonly utilized physico-chemical phenomenon within the realm
of water purification. In the context of arsenic adsorption, various substances utilized
encompass activated carbon [129], activated alumina [130], granular ferric hydroxide [131],
and iron oxide-coated sand [132], among various alternatives.

In recent times, there has been an increasing scholarly interest in the utilization of
bio-adsorbents, such as modified fly ash [133], chitosan [134], jute stick powder, sugarcane
powder, rice husk [114,115], powdered eggshells, chicken feathers [135] and nano-materials
derived from iron and copper oxides [136] or carbon nanotubes [137], for the purpose
of eliminating arsenic from contaminated water [138]. Chitosan, a naturally occurring
polysaccharide with a non-linear structure, exhibits significant efficacy in the adsorption
of aresenic ions. This effectiveness can be attributed to its hydrophilic nature, biocom-
patibility, biodegradability, and possession of antibacterial activities [139]. According to
Karthikeyan et al. [140], the presence of an amino group in chitosan facilitates the formation
of chelation sites. The successful utilization of chitosan-Fe composites for arsenic cleanup
has been documented by Gupta et al. [141]. Granular ferric oxide/hydroxide is another
commendable alternative for arsenic adsorption. In situ iron oxide/hydroxide is preferred
over pre-formed iron oxide/hydroxide due to its ability to provide a large surface area, as
supported by the findings of He et al. [142]. Aluminum hydroxide has emerged as a notable
adsorbent for removing arsenate, thereby gaining increased attention. The reaction between
arsenate and aluminum results in the formation of an aluminum hydroxide-arsenate com-
plex. The adsorption process of this complex is influenced by factors such as oxidation and
the pH state of arsenic [143]. Samsuri et al. [144] found rice husk-activated carbon adsorbs
1.3 mg/kg at pH 8. Budinova et al. [145] discovered that the activated carbon derived from
bean pod waste by standard physical activation techniques exhibited a relatively modest
maximal loading capacity for As(III) at 1.01 mg/g. Tuna et al. [146] also observed enhanced
efficacy of iron-enriched activated carbon compared to the initial activated carbon sourced
from apricot stone [147,148].

7.2. Oxidation

The process of oxidizing more toxic As(III) present as non-ionic H3AsO3, to As(V) has
emerged as the prevalent pre-treatment approach [149]. To attain thorough elimination of
arsenic from groundwater, it is frequently imperative to pre-oxidize arsenite into arsenate
before implementing coagulation–precipitation or adsorption methods [150]. UV radiation
in conjunction with TiO2 has demonstrated notable efficacy in the oxidation of As(III), as
evidenced by the findings of Nguyen et al. [151]. Fu et al. [152] investigated alternative
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methodologies to effectively eliminate As(III) and tetracycline through co-oxidative pro-
cesses. Advanced oxidation processes (AOPs) have the potential to produce by-products
that may possess toxicity when they react with components present in the aqueous matrix,
like halide ions and dissolved organic matter [153].

7.3. Coagulation

Coagulants play a dual role by assisting in eliminating contaminants and enhancing the
processes of sludge settling, dewatering, and stability [154,155]. As a result, the utilization
of coagulation, in combination with filtration and/or flocculation, has been extensively
employed in the remediation of polluted groundwater [156]. Meng et al. [157] conducted
a study to assess the effectiveness of FeCl3 in the removal of both As(V) and As(III).
According to their findings, a pH of 6 and a Fe(III) concentration of 1 mg/L eliminated
roughly 95% of As(V) at an initial concentration of 0.1 mg/L. An attention of 0.05 mg/L
of As(III) resulted in a maximum removal efficiency of 80% when 3 mg/L of Fe(III) was
utilized at a pH of 9.5 [158].

7.4. Biological Treatment

The microbial-mediated arsenic redox reaction is a prominent mechanism for the
bio-remediation of arsenic [159]. The conversion of arsenic compounds is carried out by
several mechanisms, including microbial oxidation, biological adsorption, methylation,
and other related activities [160]. Ye J et al. [161] conducted a study that revealed that
cyanobacteria and other closely similar algae had mechanisms that enabled the oxidation
and methylation of As(III). Wang Y et al. [162] shed light on an additional aspect, unveiling
the capacity of these microbes to mitigate the presence of As(V) effectively. In a study
conducted by Xue XM et al. [163], it was demonstrated that specific types of algae can
produce harmful lipids and granulated sugars as a reaction to exposure to arsenic.

7.5. Ion Exchange and Membrane Filtration

The ion exchange technology has attracted considerable attention due to its potential
application in purifying drinking water contaminated with hazardous substances, such
as arsenic [164]. To implement this approach, groundwater is sent through a resin-packed
column after undergoing post-filtration to eliminate suspended particulate matter.

In addition to ion exchange, membrane filtration has been recognized as a viable alter-
nate approach for removing arsenic [145,146]. These methods have exhibited considerable
effectiveness in the removal of arsenic. The main obstacle to these methods pertains to the
financial aspect, as both the acquisition of the membrane and the ongoing operational costs
are very substantial.

A comparative analysis of various arsenic mitigation technologies is presented in the
Table 2.

Table 2. Comparison of different water treatment technologies.

Reference Technology Overview Description Significance Limitations

[138,156,165–
167] Adsorption Adsorbents bind

Arsenic.

Activated alumina,
iron-modified
zeolites, and
biochar.

• Available
adsorbents include
activated alumina
and iron-based.

• Useful for
point-of-use.

• Costly and
unsuitable for
large-scale
treatment.

• Adsorbents deplete
and need
replenishing.
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Table 2. Cont.

Reference Technology Overview Description Significance Limitations

[168–170] Oxidation Arsenate (As(V)) is
easier to treat

Exposure to air
(aeration) or
chemical oxidants
such as potassium
permanganate,
hydrogen peroxide,
or chlorine.

• This technique
converts arsenite to
arsenate (with easy
removal method.

• It can be coupled
with other processes
for better removal.

• Needs further
filtration for
complete Arsenic
removal.

[132,158,171] Coagulation

Chemical
coagulants create
Arsenic-binding
precipitates.
Filters remove
these precipitates.

Ferric chloride,
ferric sulfate,
and alum.

• Removes arsenate
(As(V)) well and
handles high
Arsenic
concentrations.

• Sludge disposal
issues.

• pH and coagulant
dosage must
be optimal.

[172–174] Biological
Methods

Microorganisms
can convert or
absorb Arsenic.

Use
Arsenic-respiring
algae or bacteria.

• Microorganisms
convert arsenite to
arsenate for
simpler removal.

• Eco-friendly and
sustainable
technique.

• Biocontrol and
health risks.

• Large-scale Arsenic
removal is new.

[175–177] Ion Exchange

Specific resins
exchange Arsenic
ions for
non-hazardous
ones.

Anion exchange
resins.

• Regenerative and
reusable.

• Removes arsenite
and arsenate.

• May need
pre-treatment to
eliminate
interfering ions.

• Ion competition
sensitive.

[156,165,178] Membrane
Technologies

These methods
remove Arsenic
from water using
semipermeable
membranes.

Reverse osmosis
and nanofiltration.

• Nano-filtration
targets specific
ions.

• Arsenic may be
removed 95% via
reverse osmosis.

• Required brine
disposal or
treatment.

• Operating costs
and energy use
are high.

8. Community-Based Mitigation Initiatives and Their Effectiveness

The active involvement and participation of the community are crucial components
in tackling arsenic contamination in India’s groundwater [179]. In the context of India,
there is growing optimism surrounding grassroots initiatives, the utilization of locally
produced water filters, and various joint endeavors. Non-governmental organizations
are proactively engaged in disseminating knowledge to rural communities regarding the
hazards associated with arsenic exposure [180]. Following these awareness efforts, there
was a notable decrease in the proportion of homes utilizing contaminated water, declining
from 70% to 40%. The qualitative review of arsenic treatment technologies revealed that
adsorption or ion exchange techniques, which have low or moderate environmental impact,
are sustainable [20]. Membrane technology requires large investments. Numerous house-
holds residing in regions impacted by arsenic contamination employ household-level filters
using activated laterite designed for arsenic removal. These filters are inexpensive and
simple to maintain, which makes them a practical way for households to obtain potable
water. These systems cater to more extensive populations and necessitate more substantial
infrastructure. The electrochemical arsenic remediation method employed in West Bengal
exhibited encouraging outcomes; however, the cost associated with treating each cubic
meter of water is considerably elevated at USD 0.8 [179].

Community water purifiers have become increasingly prevalent in West Bengal and
Bihar. Arsenic removal plants (ARPs) based on the adsorption process are used by mu-
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nicipal authorities to clean water for distribution to residents in cities. Implementing
these filtration systems has resulted in a significant reduction of arsenic concentrations in
water, with levels lowered by as much as 90%. The main issues with ARPs are dealing
with sludge and keeping the unit from getting clogged up from sand spilling [20,181,182].
Kumar et al. conducted an investigation on the performance of ARPs that were installed in
Uttar Pradesh. Their findings led them to conclude that the primary factor contributing
to the long-term failure of the installed units was the lack of availability of adsorption
media in local markets [183]. Systematic water quality testing and monitoring are routinely
carried out to evaluate the efficacy of arsenic removal methodologies and to detect regions
experiencing persistent contamination problems [182].

In addition to providing a reliable source of potable water, rainwater collection con-
tributes to the restoration of regional groundwater resources. The test results show that the
concentration of arsenic in the collected rainwater is below the safe limit of 10 µg/L [184].
This strategy has led to improved water quality in numerous locations [185,186]. According
to the available local health data, there has been a significant reduction of approximately
40% in health issues associated with arsenic exposure. Additionally, there has been a
notable 30% increase in the sustainability index, which serves as a metric for evaluating the
long-term viability of the initiatives [187].

9. Policy and Regulatory Measures to Address Arsenic Contamination

One essential suggestion is to create a national monitoring system using GIS to identify
arsenic hotspots. Water sources are regularly tested, especially in vulnerable areas, to ensure
up-to-date and accurate records. Public programs to raise awareness about the toxicity
of arsenic-bearing drinking water and promote safe water are being implemented. Local
communities should have access to testing and purification for their water sources, and
supporting technology R&D is vital [179]. The aim is to create cost-effective and adaptable
techniques for eradicating arsenic from households and communities while also supporting
arsenic removal facilities, especially in severely affected regions. In arsenic-rich locations,
rainwater collection, treated surface water, and dug-well sources are alternatives to deep
tube wells. Medical surveillance has been highlighted, with recommendations for regular
health checks in impacted regions and arsenic testing in public health programs [187].
Intense penalties and strict enforcement of rules are imposed on arsenic offenders to ensure
industry compliance [135]. India is also encouraged to collaborate with overseas arsenic
mitigation companies to share knowledge and technology. As research and technology
evolve, policies must adapt to reduce arsenic in India’s groundwater [135]. Success can
only be achieved through collaboration between governments, communities, scholars, and
global partners. All stakeholders must cooperate and combine their efforts to achieve the
desired outcomes.

10. Conclusions

The issue of groundwater arsenic contamination in India is a substantial concern that
has a widespread impact on a large population. The issue predominantly impacts alluvial
regions, including West Bengal, Bihar, Jharkhand, Uttar Pradesh, Assam, and Punjab. The
Bengal basin has the highest incidence of arsenic contamination, with areas like Patna,
Vaishali, Bhagalpur, Munger, and Buxar affected. Other regions, like Jharkhand, Punjab,
and Assam, also face arsenic contamination. The presence of arsenic pollution has been
documented in hard-rock terrain situated in the states of Chhattisgarh and Karnataka.

In the Ganga–Meghna–Brahmaputra region, there are approximately 3000 communi-
ties exhibiting arsenic concentrations exceeding 50 parts per million (ppm), thereby posing
a significant risk to the well-being of approximately 6 million individuals. Prolonged
exposure to arsenic results in significant health ramifications, such as the development of
skin lesions, premature hair depigmentation, accelerated aging, and carcinogenesis.

It was highlighted that in West Bengal, India, sedimentary soil contains pyrite, mag-
netite, hematite, quartz, and calcite minerals that release arsenic through mineral dis-
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solution mechanisms. Bihar’s fluvial geomorphology may affect arsenic dissemination,
resulting in lower SO4

2− and NO3
− levels and a limited association with arsenic. Pre-

Cenozoic metamorphics and Riverian alluvial deposits release arsenic in the groundwater
of Jharkhard, which is further enhanced in the presence of organic carbon.

To mitigate the arsenic contamination in India’s groundwater, community involvement
and participation are crucial. Arsenic mobility and removal factors indicate challenges
and answers. Removal technologies are evaluated for efficacy, affordability, and scalability.
Non-governmental organizations, sustainable techniques, and affordable household filters
are being used. Community water purifiers and arsenic removal plants have reduced
arsenic concentrations by up to 90%. Rainwater collection also contributes to water quality
improvement. The significant health risks posed by arsenic exposure underscore the
urgency of addressing this problem comprehensively. Strategies and interventions must be
tailored to the unique challenges and geological conditions of each affected area. The study
suggests the development of a regular national monitoring system using GIS to identify
arsenic hotspots. Furthermore, collaborative efforts involving policymakers, researchers,
and local communities are essential to mitigate the adverse effects of arsenic contamination
and ensure safe drinking water for the affected populations.
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174. Dąbrowski, A. Adsorption—From Theory to Practice. Adv. Colloid Interface Sci. 2001, 93, 135–224. [CrossRef]
175. Shelare, S.; Kumar, R.; Gajbhiye, T.; Kanchan, S. Role of Geothermal Energy in Sustainable Water Desalination—A Review on

Current Status, Parameters, and Challenges. Energies 2023, 16, 2901. [CrossRef]
176. Thirunavukkarasu, O.S.; Viraraghavan, T.; Subramanian, K.S. Removal of Arsenic in Drinking Water by Iron Oxide-Coated Sand

and Ferrihydrite—Batch Studies. Water Qual. Res. J. 2001, 36, 55–70. [CrossRef]
177. Vilve, M.; Vilhunen, S.; Vepsäläinen, M.; Kurniawan, T.A.; Lehtonen, N.; Isomäki, H.; Sillanpää, M. Degradation of 1,2-

Dichloroethane from Wash Water of Ion-Exchange Resin Using Fenton’s Oxidation. Environ. Sci. Pollut. Res. 2010, 17, 875–884.
[CrossRef]

178. Ahmed, F.E.; Hashaikeh, R.; Hilal, N. Solar Powered Desalination—Technology, Energy and Future Outlook. Desalination 2019,
453, 54–76. [CrossRef]

179. Hernandez, D.; Boden, K.; Paul, P.; Bandaru, S.; Mypati, S.; Roy, A.; Amrose, S.; Roy, J.; Gadgil, A. Strategies for Successful
Field Deployment in a Resource-Poor Region: Arsenic Remediation Technology for Drinking Water. Dev. Eng. 2019, 4, 100045.
[CrossRef]

180. Robles, D. Indigenous Water Governance in the Anthropocene: Non-Conventional Hydrosocial Relations Among the Wayuu of
the Guajira Peninsula in Northern Colombia. Ph.D. Thesis, Florida International University, Miami, FL, USA, 2020.

181. Scott, I.S.P.C.; Scott, F.; McCarty, T.; Penn, C.J. Techno-Economic Analysis of Phosphorus Removal Structures. Environ. Sci. Technol.
2023, 57, 12858–12868. [CrossRef] [PubMed]

182. López-Guzmán, M.; Alarcón-Herrera, M.T.; Irigoyen-Campuzano, J.R.; Torres-Castañón, L.A.; Reynoso-Cuevas, L. Simultaneous
Removal of Fluoride and Arsenic from Well Water by Electrocoagulation. Sci. Total Environ. 2019, 678, 181–187. [CrossRef]
[PubMed]

183. Kumar, A.; Roy, M.B.; Roy, P.K.; Wallace, J.M. Assessment of Arsenic Removal Units in Arsenic-Prone Rural Area in Uttar Pradesh,
India. J. Inst. Eng. Ser. A 2019, 100, 253–259. [CrossRef]

184. Raimondi, A.; Quinn, R.; Abhijith, G.R.; Becciu, G.; Ostfeld, A. Rainwater Harvesting and Treatment: State of the Art and
Perspectives. Water 2023, 15, 1518. [CrossRef]

185. Lin, L.; Yang, H.; Xu, X. Effects of Water Pollution on Human Health and Disease Heterogeneity: A Review. Front. Environ. Sci.
2022, 10, 880246. [CrossRef]

186. Abedin, M.A.; Shaw, R. Community-Level Arsenicmitigation Practices in Southwestern Part of Bangladesh. In Water Insecurity:
A Social Dilemma; Community, Environment and Disaster Risk Management; Emerald Group Publishing Ltd.: Bingley, UK, 2014;
Volume 13, pp. 51–73, ISBN 978-1-78190-882-2.

187. Martin, R.; Dowling, K.; Pearce, D.; Sillitoe, J.; Florentine, S. Health Effects Associated with Inhalation of Airborne Arsenic Arising
from Mining Operations. Geosciences 2014, 4, 128–175. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.saa.2017.06.070
https://www.ncbi.nlm.nih.gov/pubmed/28709142
https://doi.org/10.1007/s00284-019-01754-0
https://www.ncbi.nlm.nih.gov/pubmed/31401778
https://doi.org/10.3390/catal11070782
https://doi.org/10.1021/ie010130w
https://doi.org/10.1002/j.1551-8833.2004.tb10605.x
https://doi.org/10.1016/j.sjbs.2020.11.019
https://doi.org/10.3390/membranes12020173
https://doi.org/10.1016/S0001-8686(00)00082-8
https://doi.org/10.3390/en16062901
https://doi.org/10.2166/wqrj.2001.004
https://doi.org/10.1007/s11356-009-0291-5
https://doi.org/10.1016/j.desal.2018.12.002
https://doi.org/10.1016/j.deveng.2019.100045
https://doi.org/10.1021/acs.est.3c02696
https://www.ncbi.nlm.nih.gov/pubmed/37581469
https://doi.org/10.1016/j.scitotenv.2019.04.400
https://www.ncbi.nlm.nih.gov/pubmed/31075584
https://doi.org/10.1007/s40030-018-0349-9
https://doi.org/10.3390/w15081518
https://doi.org/10.3389/fenvs.2022.880246
https://doi.org/10.3390/geosciences4030128

	Introduction 
	Occurrence of Arsenic in Indian Groundwater 
	Health Implications of Arsenic Contamination 
	Fate and Transport of Arsenic in Groundwater 
	Dissolution of Arsenic-Bearing Minerals 
	Oxidation of Arsenic-Rich Sulfide Minerals 
	Fe Oxyhydroxide Reduction 
	Phosphate Adsorption 

	Factors Influencing Arsenic Mobility and Transport 
	pH 
	Redox Conditions 
	Desorption of Arsenic in the Alkaline Environment 
	Organic Matter 
	Microbial Activity 
	Microbial Reduction 
	Microbial Oxidation 
	Sorption and Sequestration 

	Competition for Electron Acceptors 
	Co-Existing Ions 
	Temporal, Seasonal, and Spatial Trends 

	Modeling Arsenic Enrichment in Indian Groundwater 
	Hydrogeological Modeling 
	Transport Modeling 
	Geochemical Modeling 
	Risk Assessment Models 

	Mitigation Strategies for Arsenic Contamination 
	Adsorption 
	Oxidation 
	Coagulation 
	Biological Treatment 
	Ion Exchange and Membrane Filtration 

	Community-Based Mitigation Initiatives and Their Effectiveness 
	Policy and Regulatory Measures to Address Arsenic Contamination 
	Conclusions 
	References

