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1. Introduction

Heavy metals are generally known as naturally occurring metals possessing elemental densities more than 5 gcm > and
atomic numbers more than 20 (Ali and Khan, 2018). Rapid industrialization and unplanned urbanization have introduced
heavy metals into the environment through improper dumping of industrial wastes directly on land and into water
bodies (Dixit et al., 2015). As a result, environmental contamination by heavy metals has emerged as a major concern
(Hashem et al., 2017) and is associated with environmental pollution and bio-toxicity issues attributed to their ability
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to inhibit biodegradation activities (Masindi and Muedi, 2018). One of the heavy metals is Arsenic which are extensively
dispersed across soils and water bodies. As the twentieth most plentiful element on Earth, arsenic is present as either
an oxide, sulphides, or metal salt (Nicomel et al., 2015). It is often detected at very low concentrations in virtually all
environments. Arsenic enters into the environment through natural processes, for example, weathering of rocks, volcanic
eruptions, biological activities, and geochemical reactions, where soil leaching and erosion alone mobilize 2380 x 108 g
and 612 x 10® g arsenic per year respectively (Siddiqui and Chaudhry, 2017). The extent of its mobility is determined by
its parent mineral form, mobilization processes, and oxidation state. Arsenic can exist as four species in the environment:
Arsenite (As®t), arsenate (As*?), arsenic (As), and arsine (As~3). The inorganic arsenate and Arsenite are the utmost
prevalent species and are more commonly found in water (Pous et al., 2015). While both species can exist in oxidized
environments because of the transformations of slow redox, arsenic predominantly exists as Arsenite in anoxic waters and
as arsenate in toxic environments (Nicomel et al., 2016a). Arsenic may also exist in different organic forms as methylated
metabolites, namely, trimethylarsine oxide, dimethylarsinic acid, and monomethylarsonic acid.

Arsenic has adverse impacts on the health of various lifeforms (Singh et al., 2015). It has been ranked as the highest
priority pollutant in the environment and has also been identified as a group 1 carcinogenic substance by the World
Health Organization (WHO) (Nicomel et al., 2015). Arsenic has widespread commercial, agricultural, and medicinal uses
(World Health Organization, 2011). Therefore, while most of the issues caused by arsenic are a consequence of the natural
mobilization of the metal, anthropogenic activities have been attributed to causing further harm to environmental health.
Commercially, arsenic is utilized in the manufacture of transistors, semiconductors, paper, dyes, pigments, wood, and
glass, and in hide tanning processes and pharmaceuticals (Nidheesh and Singh, 2017a,b). Arsenic-based compounds are
also used in pesticides, herbicides, fungicides, algicides, crop desiccants, and as additives to livestock feed in agriculture
(Singh et al., 2015). In veterinary medicine, arsenic has been used in the elimination of tapeworms in dairy animals, and
in the treatment of parasitic infections, including filariasis in dogs and blackhead in poultry (Tchounwou et al., 2012). In
public health, the contribution of arsenic-based drugs includes the treatment of tropical diseases as well as serving as an
anticancer agent. Therefore, the extensive industrial applications of arsenic, as well as its ubiquity in the environment,
also expose populations to its adverse effects.

Many epidemiological researches have confirmed a strong link between arsenic acquaintance and increased incidences
of both systemic and carcinogenic health effects on people who are chronically exposed to inorganic arsenic through
drinking water at concentrations above 50 pg/L (Singh et al., 2015). People residing in areas vulnerable to arsenic
contamination have been reported to be afflicted with hearing loss, cardiovascular diseases, diabetes, developmental
anomalies, neurobehavioural and neurologic disorders, reproductive and pregnancy abnormalities, diseases of respiratory
and gastrointestinal systems, haematologic disorders (leukopenia, anaemia, and eosinophilia), carcinoma, and cancers
(Mohammed Abdul et al., 2015; Chakraborti et al., 2017; Rahman et al., 2018; Shahid et al., 2018a,b). The analysis of the
toxic impacts of arsenic is challenging as its toxicity is heavily dependent on its oxidation solubility and state, and other
factors such as exposure dose, biological species, duration and frequency, and the demographic, genetic, and nutritional
factors of the people affected. However, it is established that inorganic arsenic species are more harmful than organic
ones, where toxicity increases in the sequence of DMA<MMA <arsenate <Arsenite. In addition, As (III) is found to be more
mobile, soluble, genotoxic, and cytotoxic, making it more detrimental to human health by increasing risks of developing
arsenic-induced diseases (Singh et al., 2015).

Exposure to arsenic can be caused through ingestion (oral route), the parenteral route, inhalation, and skin contact to
some point. Even though exposure from water, air, and soil is generally small, it may become an important environmental
health issue in arsenic contamination. The concentration of arsenic may vary across different environments. In isolated
locations away from human activities, arsenic concentrations in the air may vary from 1-3 ng/m? to concentrations from
20-100 ng/m? in urban areas (Tchounwou et al., 2012). Unless the sources occur near mining sites and mineral deposits,
the concentration of arsenic in water is usually less than 10 wg/L, which is the maximum level of contaminant approved
by the WHO (World Health Organization, 2011). Exposure through drinking water is the primary contributor of human
arsenic toxicity, and there have been reports of harmful arsenic concentrations in drinking water sources in Chile, the USA,
Bangladesh, China, Taiwan, Argentina, Mexico, Canada, Poland, New Zealand, Hungary, India, and Japan, in areas where
groundwater is the main source of drinking water (Mondal et al., 2013). Arsenic contamination in groundwater is caused
by geothermal activity, burning of fossil fuels, mining, mineral dissolution (such as pyrite oxidation), use of arsenic-based
compounds in wood and agriculture preservatives, and reductive dissolution and desorption (Smedley and Kinniburgh,
2013). Where arsenic contamination of drinking water is not significant, human arsenic toxicity occurs through food
harvested in contaminated soils or soils irrigated with arsenic-contaminated water (Singh et al., 2015). Normally, arsenic
in soil ranges from 1-40 mg/kg, but the use of arsenic compounds in farming or disposal of arsenic-containing waste may
generate higher concentrations (Tchounwou et al., 2012).

The health problems caused by exposure to arsenic-contaminated water and soil (and consequently food) have led
arsenic contamination to be a major concern in public health. Thus, the elimination of arsenic from contaminated
soil and water has been a persistent subject of research interest. Many kinds of technologies have been advanced
for arsenic removal from soil and water, and the performance of these technologies is affected by the physical and
chemical properties of the arsenic compounds in the environment. Arsenic removal technologies from water utilize
physicochemical techniques such as adsorption, membrane technologies, oxidation, ion exchange, and coagulation and
flocculation (Mohanty, 2017; Ghosh Nath et al., 2019; Sarkar and Paul, 2016; Ungureanu et al., 2015; Nicomel et al.,
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2015; Singh et al., 2015; Nidheesh and Singh, 2017a,b). In recent years, however, there has been a growing focus on novel
methods like adsorption via nano-adsorbents and biosorbents, and remediation by microbes (Amen et al., 2020; Hayat
et al.,, 2017; Lata and Samadder, 2016; Siddiqui and Chaudhry, 2017; Yang et al., 2017). On the other hand, the primary
method for the removal of arsenic from soil is bioremediation (da Silva et al., 2018; Prum et al., 2018; Ma et al., 2018). The
potential for extraction and recovery using chemicals has also been explored (Nguyen Van et al., 2017; Choi et al., 2016).
Considering how issues of arsenic contamination and toxicity are particularly pronounced in developing nations and rural
communities where energy and other resources are limited, an assessment of available treatment options is needed for
the selection of the most appropriate technology for a given environmental compartment and the socio-economic context
of the contaminated region. The limitations of some of the existing technologies in bringing the arsenic level below the
maximum contaminant level (MCL) due to the complex nature of arsenic species’ interactions in various environments
also need to be addressed.

In recent years, many effective and novel arsenic removal technologies have emerged. However, the availability of
information on the treatment performance of current state-of-art technologies for arsenic removal is severely limited.
Thus, by first comprehensively elucidating on the sources, distribution, toxicity mechanism, and the chemistry and
characterization of arsenic and its impact on human and environmental health, this paper aims to critically review
the technological development that has occurred over the last few years in arsenic removal from wastewater and
contaminated soil. Then, it provides insights into the challenges involved in the effective removal of arsenic from the
environmental compartments with a focus on defining areas for improvement based on past and present practice. This
paper then concludes by providing future direction for research and advancement in the processes for enhanced arsenic
removal from the environment. With arsenic toxicity causing widespread morbidities across various nations, this paper
will disseminate essential information and provide perspectives on future directions to relevant stakeholders working in
the field of public and environmental health.

2. Source and distribution of arsenic in water
2.1. Sources of arsenic

Arsenic is an odourless and almost tasteless toxic metallic element found in the environment. Arsenic has four common
valences including As (0), As (III), As (V) and it has three common forms including inorganic salt, organic salt, and gaseous
form (Timalsina et al., 2021a,b). In general, arsenic exists in the form of two oxidation states, namely arsenate and Arsenite,
both in the pH range of 6-9 (Shankar et al., 2014). The occurrence of arsenic in water under the ground results from many
factors, including anthropogenic activity, geochemical reactions, and biological action. The man-made release of arsenic
through various industrial and agricultural activities could also contaminate the soil and drinking water (Singh et al,,
2021).

The sources of arsenic are classified as geogenic, biogenic, and anthropogenic. The major anthropogenic sources for
arsenic contamination in groundwater are mining, use of arsenic herbicides, fossil fuels, fungicides and pesticides, wood
preservatives, crop dedication, and animal arsenic additives. Geogenic sources include volcanic eruption and weathering
of minerals and rocks. It has been reported that arsenic in arsenic-rich minerals and rocks is dissolved and dissolution
under an oxygenated and reducing condition which then primarily contaminates the groundwater and soil (Ahmad and
Bhattacharya, 2019). Every year, 12,000 tons of arsenic is exposed to the environment or is dissolved into it where an
approximate 3 billion metric tons are produced by the European Union’s 27-member states (Pacyna and Pacyna, 2001).
In order to determine the presence of arsenic and arsenic species in water, a variety of chemical approaches, ranging
from classical to modern analytical techniques, are applied. The contemporary methods include atomic spectrometry, ICP
techniques, nuclear techniques and electrochemistry (Shahid et al., 2018a).

2.2. Global scenario of arsenic contamination in water

Arsenic exists either as a dissolved or particulate form in water. Traditionally, the mobilization of arsenic into
groundwater systems can affect a huge number of people. In different areas of the globe, the levels of arsenic in
groundwater systems vary according to climate and geology. When groundwater is contaminated, the contamination
tends to be localized and arsenic levels can be measured in the range of dozens of mg/L. Thus, a better understanding
of global groundwater arsenic concentrations would aid in alleviating the problems with arsenic. Recently, a few new
areas of arsenic-contaminated groundwater aquifers have been discovered around the world (Shakoor et al., 2018). Before
the year 2000, there were four sites with significant arsenic groundwater contamination in Asia, including Bangladesh,
West Bengal, China, and India. Since 2000, arsenic-polluted groundwater has been discovered in several additional Asian
countries, namely Mongolia, Nepal, Cambodia, Myanmar, Afghanistan, Korea, Pakistan, and Western Iran (Rathi et al,,
2021; Timalsina et al., 2021a,b).

Several countries have confirmed the arsenic in their groundwater, and it has been stated that arsenic is found in
the water in more than 105 countries around the world (Chakraborti et al., 2018). There are over 200 million people
exposed to an arsenic concentration that is greater than the threshold considered safe by the WHO. Arsenic is considered
to be one of the highly toxic elements on the planet. Conducting toxicology research on arsenic is daunting because of
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Fig. 1. Structure of some arsenic compounds.

its state of oxidation and solubility. There are additional factors such as extrinsic and intrinsic aspects that can further
affect toxicity. Several investigations have found that arsenic exposure varies according to dose, frequency, and duration,
as well as genetic and nutritional susceptibility. Inorganic arsenic has been the major source of most toxic exposures to
humans. In terms of toxicity, inorganic As (IIl) is approximately 2 to 10 times more toxic than As (V) (Hong et al., 2014).
Arsenic binds to sulfhydryl or thiol groups on proteins and impairs about 200 enzymes. This is likely why arsenic has
such broad-ranging effects on different organs.

2.3. Chemistry and characteristics of arsenic

Arsenic is a metallic element which has an atomic mass of 74.92 amu, an atomic number of 33, and a density of 5.72
g/cm® (Nidheesh and Singh, 2017a,b). Arsenic presents mostly in the earth’s crust, soil, sediment, and water. About 1.5
mg/L of this metalloid is found in the earth, 3 ng/m? in the air, and 10 mg/L in fresh water (Rieuwerts, 2017). Arsenic
exists in four oxidation states including As (V), As (0), As (-III), and As (IIl), but the two most prevalent in nature are As
(V) and As (-III) (World Health Organization, 2011). Both As (V) and As (-III) are soluble in water but As (V) has higher
solubility and toxicity than As (-III). As (V) is a low tricrotic acid which tends to more precipitate from the solution by
adding metal cations compared to As (-III). As (V) usually precipitates in Mn (AsO4)m- H,0O form. Precipitation stability
depends on the cation used in the precipitation and the conditions under which it is kept. Arsenic’s mobility depends on
the level of arsenic and other species, the pH, and Eh of the environment (Nazari et al., 2017). Arsenic pollution is a big
concern because of its dynamic topology across a wide pH and Eh range. Arsenic is found as the fifty-third in the crust
of the earth, the twelfth in humans, and the fourteenth in seawater (Nicomel et al., 2016a). In water, the Eh and pH are
primarily responsible for arsenic evolution. Fig. 1 depicts the structure of some arsenic compounds and Table 1 tabulates
the characteristics of elemental arsenic.

3. Impact of arsenic on human and environmental health
3.1. Impact of arsenic on human health
Arsenic is a prevalent environmental element and toxic to human health. Its elemental toxicity has been a major

concern from both human and environmental health perspectives (Chatterjee et al., 2017). Arsenic in the inorganic form
is carcinogenic and globally one of the remarkable chemical contaminants found in drinking water. Arsenic compounds
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Table 1

The characteristics of elemental arsenic (Nazari et al., 2017).
Properties Unit Value
Atomic number - 33
Density g/cm3 5.72
Atomic weight g 74.92
Melting point (@3.7 MPa) °C 817
Heat of fusion kJ/kg 370.3
Boiling point (@0.1 MPa) °C 613
Heat of vaporization kj/kg 426.77
Linear coefficient of thermal expansion 1/K 5.6 x 107°
Specific heat (@25 °C) J/kg K 328
Electrical resistivity (@0 °C) Q cm 26 x 107

present in water are inorganic and have increased toxicity and pose serious threats to human health (Shankar and Shanker,
2014). On the other hand, arsenic compounds in seafood are organic and have a lesser effect on human health. In 2010,
when arsenic impacts on humans were evaluated, it was deduced by the Joint WHO/FAO Expert Committee on Food
Additives (JECFA) that confirmation of adverse health effects was observed in particular regions of the world where the
drinking water has inorganic arsenic concentrations exceeding 50-100 wg/L (Kippler et al., 2016). Areas of 10-50 wg/L
arsenic concentration, demonstrated the possibility of unpleasant health effects but the incidence was lower and difficult
to detect in epidemiological studies (WHO, 2018). Arsenic has also been classified by WHO as one of the 10 chemicals that
are of public health concern because a significant number of individuals worldwide suffer from exposure to high arsenic
concentrations, 100 wg/L or higher which is more than the standard (WHO, 2018). The prime public health challenge is
to limit arsenic exposure to these people by allowing them access to arsenic-free drinking water.

3.1.1. Arsenic exposure and cancer

Epidemiological studies and reports by the Environmental Protection Agency in the United States have illustrated the
association of an escalated level of risk of skin, bladder, lung, kidney, and liver cancer due to the ingestion of drinking
water containing arsenic. In addition, studies have also shown that drinking water containing arsenic could possibly have
a prolonged dormancy period compared to most carcinogens. Evidence showed increased cases of cancers in the lung,
kidney, and bladder even 40 years after being exposed to high arsenic concentration (Smith et al., 2018).

3.1.1.1 Lung cancer Arsenic was known to be the first chemical to have shown carcinogenic properties in 1879 with
increased lung cancer rates among the miners who were reported to have inhaled this chemical contaminant. Generally,
lung cancer has been suggested as the most frequent cause of arsenic related mortality by most studies (Ferdosi et al.,
2016). Studies have also established that consumption of drinking water exceeding 100 wg/L of arsenic is correlated with
a high risk of lung cancer (Rahman et al., 2018). In addition, regardless of the exposure route, i.e. inhaling or consuming,
the risk of lung cancer is strongly associated with prolonged arsenic exposure. Studies have been conducted using mouse
models to observe the effect of arsenic compounds on lung cancer. Even inhaling reduced doses of about 0.05-0.07
mg/m> of arsenic was reported to cause lung cancer (Briffa et al., 2020). Other studies performed with animal utero-
exposure to arsenic have demonstrated arsenic as an absolute transplacental carcinogen. When oral arsenic treatment
was introduced to pregnant mice, the lung tissue of the offspring were diagnosed with dose-dependent tumours which
resulted in malignant tumours in the further stages of the lifecycle, even in relatively low doses (Wei et al., 2019).

3.1.1.2 Bladder and kidney cancer Besides affecting the lungs, the carcinogenic effect of arsenic is also evident in other
organs such as the bladder when exposed to drinking water with an arsenic concentration >600 g/L for an extended
period, possibly longer than 40 years (Rahman et al., 2018). Fernandez et al. (2020) investigated a comparative study of
patients suffering from bladder cancer in both arsenic and non-arsenic exposed regions. The investigation demonstrated
the presence of a higher proportion of progressive and top-grade tumours among patients from arsenic exposed sites. A
multivariate analysis also established that the single significant predictor of an increased proportion of advanced tumours
was arsenic exposure, with an adjusted odds ratio of 5.10 (95% CI: 2.03-12.77). Convincing evidence has also been provided
by epidemiological studies in forming a correlation between exposure to environmental arsenic and an escalated risk of
carcinoma in renal cells. Krajewski et al. (2021) observed a positive connection between exposure to arsenic and three
types of cancers. Kidney cancer showed association with an adjusted odds ratio of 1.69 (95% CI:1.37-2.09), colourectal
cancer [1.64 (95% CI: 1.33-2.01)] and bladder cancer [1.89 (95% CI: 1.53-2.35)].

3.1.1.3 Skin cancer The common route of arsenic exposure in humans is through dermal contact followed by distribution
in the body. Chronic arsenic exposure leads to some well-known skin issues like hyperpigmentation and hyperkeratosis.
However, with an increased concentration of arsenic and a longer exposure period, the relative risk of skin cancer or
carcinoma in the basal cells is inevitable (Yadav et al., 2021). Matthews et al. (2019) performed a systematic review with
the available epidemiological studies to investigate how the exposure of trace elements like arsenic, zinc, chromium,
selenium, and others are associated with the risk of non-melanoma (keratinocyte carcinoma) and melanoma skin cancer
in humans. A review of the available literature on arsenic exposure suggests an increased risk of non-melanoma skin
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cancer. There are too few studies exploring the connection between arsenic exposure and melanoma skin cancer to draw
any conclusions.

3.1.2 Non-carcinogenic effects of arsenic

Besides the carcinogenic effects of arsenic, there are also reports of arsenic showing some non-carcinogenic symptoms
such as irritation of the mucous and dermatitis membrane. In addition, other important effects reported include skin
lesions, neurotoxicity, cardiovascular issues, respiratory diseases, and hormonal effects (Zhang et al., 2019). Certain studies
have illustrated the effect of arsenic on animal models such as mice. Arsenic has an increased effect on some vital organs
and reduces the resistance of mice to particular viral infections.

3.1.2.1 Neurobehavioral effects Acute arsenic exposure has shown significant brain impairment in infants, particularly
affecting the peripheral sensory fibres compared to motor fibres (Mochizuki, 2019). However, none, or only minimal,
neurobehavioral effects on adults were reported due to arsenic exposure. Silva-Adaya et al. (2020) discussed the
relationship between oral doses of arsenic and its neurotoxic effects to understand the degree of impairment on the central
nervous system. Reduced memory, confusions, mood effects, and hallucinations were some of the symptoms depending
on mild or severe doses. Also, peripheral neuropathy development showed a strong association with prolonged inorganic
arsenic exposure. Mochizuki (2019) evaluated the arsenic effects on human health based solely on the participant’s
medical history. This does not justify the results thoroughly as other essential factors including arsenic quantity, the
volume of water consumption per individual, and the exposure route are interconnected and any of these may significantly
influence the findings. In addition, the observed effects of arsenic causing neurotoxic symptoms are mostly very general,
therefore, connecting them to arsenic exposure alone cannot be considered a robust claim in the absence of a multifaceted
process.

3.1.2.2 Respiratory diseases The carcinogenic effect of arsenic is well known and has been studied for many years now.
Recent studies have also established the relationship between arsenic exposure greater than 100 pg/L and its non-
cancerous respiratory effects, which include some respiratory symptoms like severe infections in the respiratory tract,
non-cancerous respiratory illness, and lung disease leading to a worsening of the lung function (Powers et al., 2019).
Arsenic exposure was also observed to be linked with reduced forced expiratory volume and vital capacity in a meta-
analysis study which could potentially be associated with absolute lung disease (Sanchez et al., 2018). Powers et al. (2019)
also identified the correlation of low to average arsenic level with increased emphysema (self-reported), obstruction of
airflow, spirometry pattern, and pausing for breath while walking. However, they also reported the effect of smoking and
its toxicity to be a possible influencing factor masking the effect of arsenic, creating a loophole in their study.

3.1.2.3 Effect on hormonal and the reproductive system The toxic effect of arsenic on hormonal and reproductive de-
velopment has been suggested by many epidemiological studies. Drinking water containing arsenic can be reportedly
responsible to cause some dysfunction in the male reproductive system such as reducing the testis weight, sperm motility
and viability, and the level of gonadotropins and testosterone (Renu et al., 2018). Zubair et al. (2017) reported changes
in the follicle-stimulating hormone, luteinizing hormone, and testosterone level with a huge declination in germ cell
numbers. To understand the reproductive and hormonal effect of arsenic, an investigation was also conducted using
normal and diabetic rat models (Souza et al, 2019). When the alterations in the rats were examined after arsenic
exposure, normal rats were shown to experience a reduced concentration of testosterone, and for diabetic rats, the
reduction worsened. Additionally, in both types of rats, there was also reduced spermatozoon and sperm production.
The bioaccumulation of arsenic in the rat models is thought to be responsible for causing an imbalance in the enzymatic
activity of both groups of rats, with increased alterations in the diabetic one. The concluding remark stated that the
combined consequence of diabetes and arsenic exposure contributed to an abnormal morphology in the animal models.

3.2 Impact of arsenic on environmental health

In most South Asian countries, arsenic toxicity is alarming and can be disastrous to environmental health. A huge
quantity of waste containing arsenic is produced through most treatment methods which require reuse or safe disposal
into the environment. Groundwater contamination by arsenic is an additional issue due to the possibility of arsenic
entering the food chain through crops which might have come into contact with arsenic-contaminated water during
irrigation. There is no doubt that arsenic-contaminated water, grasses, and rice plants are consumed by livestock
daily. Additionally, organic waste produced by these livestock populations is an essential biomarker that pollutes the
environment. However, for livestock, there are still few reports of clinical arsenic contamination though the crops they
consume are grown with the same contaminated water used for drinking (Mandal, 2017). Plants exposed to arsenic
also experience adverse effects which influence, through process inhibition, their ability to photosynthesize, biomass
accumulation, and growth and development.

Arsenic is also responsible for interfering with a variety of metabolic processes in plants by directly acting as a
competitive inhibitor or by hindering the activity of other key enzymes involved in metabolism. Certain processes like
germination, growth of shoots/root, seedling development, and its earlier stages are also slowed down or inhibited due
to the effect of arsenic in the plant. Interestingly, plants have also developed methods like synthesizing arsenic binding
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proteins and accumulating compatible solutes to deal with arsenic’s toxic effects (Abbas et al., 2018). Increased arsenic
exposure is also a prime concern for the freshwater ecosystem. Some freshwater invertebrates and algae typically act
as the producer or the base of aquatic food webs. Globally, the solubility of arsenic has reached beyond the acceptable
limit of 0.010 mg/L due to the unrestrained use of arsenic in pesticides, mining activities, and industrial operations. The
constant arsenic exposure to the freshwater environment, including various kinds of algae, fish, and aquatic organisms,
is responsible for bioaccumulation in the vital organs of these organisms. This results in consequences such as prolonged
and acute toxicity, hyperglycaemia, altered enzymatic functions and reduced immunity (Kumari et al., 2017). Significant
reduction in the algae composition and herbivores due to arsenic toxicity is a major concern to the stability and health of
the ecosystem (Chen et al., 2015). Any change due to arsenic contamination in these organisms can bring huge variation
in the function and structure of the freshwater ecosystem.

Arsenic assimilation by organisms at each trophic level acts as a pathway for arsenic to be transferred along the food
chain and eventually through food webs. Air is a significant source of arsenic where the presence of arsenic is in the mixed
form of arsenate and Arsenite. The existence of arsenic in the air is mainly due to the increasing number of vehicle and
industrial emissions which unfortunately poses a serious threat to the environment as air pollution. It was confirmed by
an earlier investigation that a small constituent of air in the industrial, suburban and urban areas contain a methylated
form of arsenic (Chung et al., 2014). The presence of this arsenic component is also responsible for arsenic exposure to
humans in low concentrations. A reduced arsenic concentration is generally available in the air within a range of 0.4-30
ng/m> and is responsible for exposing arsenic to living organisms. However, each day the approximate concentration
of arsenic being inhaled by an individual in a polluted area is 40-90 ng (Chung et al., 2014). This draws a connection
between arsenic’s impact on environmental and human health. The presence of arsenic in the environment will affect
human health and other living organisms with no doubt if the arsenic concentration in the environment is not limited in
the first place.

4 Techniques for removing arsenic from contaminated water and soil
4.1 Arsenic removal techniques from wastewater

Water pollution from a plethora of domestic and industrial activities not only exacerbates water scarcity but threatens
human health, particularly due to carcinogenic effects (after consumption). Organic and inorganic substances, microor-
ganisms, and total solids (TS) can be found in wastewater (Ahmed et al., 2021a). Therefore, the development of both
novel and improvised technologies for treating wastewater is a vital topic to address and have attracted great interest.
This section reports on recent methodologies and techniques to remove arsenic content from wastewater.

4.1.1 Adsorption

Adsorption (Fig. 2), a phenomenon depending on the availability of active sites, is one of the most popular methodolo-
gies to remove arsenic and associated heavy metals from wastewater. Because of the extremely specific surface area
of the adsorbents, adsorption is one of the most effective wastewater treatment techniques (Ahmed et al.,, 2021b).
Being cost-effective and having design flexibility and ease of application, researchers have developed various innovative
methodological changes to using adsorbents to remove arsenic content from wastewater (Nguyen et al., 2019). For
example, using smelting wastes requires relatively few resources in the treatment of wastewater. Ligand exchange
reactions leading to complexes are the main principle of adsorption. Consisting of various affinities between the adsorbent
types and different forms of arsenic, removal efficiencies significantly vary and often require optimization. Depending on
the pH and redox potential present in an aqueous solution, trivalent and pentavalent arsenic ions are the common forms.
Methodologically, As (IIl) is oxidized before proceeding towards adsorption, enhancing the affinity between the adsorbent
and the oxidized arsenic form, As (V), and increasing the removal efficiency of the contaminant (Lal et al., 2020). This
section reviews the prominent techniques developed to treat arsenic in contaminated water via adsorption.

4.1.1.1 Electrosorption and electrochemical adsorption Electrosorption is popularly used for removing heavy metal ions,
directing charged ions to migrate towards oppositely charged (carbon) electrode surfaces, operating under an electric
field (Fan et al., 2016). The method adsorbs As (V) as inner-sphere complexes on ferrous oxides and manganese, present
in wastewaters. The electrochemical redox reaction of Birnessite, investigated by Liu et al. demonstrated the adsorption
of total As and trivalent arsenic ions under 1.2 V, subsequently decreasing Mn?* concentration in wastewater (Liu et al.,
2019). Importantly, prior to desorption and electrochemical adsorption (after multiple cycles), the Birnessite electrode
ensured high arsenic removal. However, whether the iron oxide and manganese concentration in wastewater significantly
affect the adsorption process could be further investigated. Provided that such research findings are yet being tested and
analysed, electrochemical adsorption techniques using Birnessite electrodes require more investigation before mounting
industrial-scale applications for wastewater treatment.
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Fig. 2. Schematic of redox reactions on the surface of FeO during adsorption processes of As (IlI), reprinted with the permission of Elsevier from
(Liu et al., 2020).

4.1.1.2 Adsorption mechanism using biochar/activated carbon A large number of sorbents have already been investigated
for their ability to remove arsenic. Activated carbon, coal, red mud, fly ash, chicken feathers, kaolinite, montmorillonite,
goethite, zeolites, activated alumina, titanium dioxide, iron hydroxide, zero-valent iron, chitosan, and cation-exchange
resins are some of the materials that can be used in this process. Activated carbon, although expensive, is a common
absorbent used to treat water from heavy metal contaminants (Saleem et al., 2019), particularly because of its removal
performance and availability. However, most of these adsorbents do not readily separate from the aqueous media after
treatment. Biochar alone, such as rice husk, has a relatively low removal efficiency of heavy metal contaminants but
when rice husk biochar is modified with synthesized hydrogel-biochar composite, it acts as an efficient sorbent for the
sorption of arsenic, as demonstrated by Sanyang et al. (2016). The hydrogel sorbents are crosslinked polymeric networks
with hydrophilic groups that remove toxic metal ions, working as complexing agents (El Halah et al., 2018). With high
removal efficiency, improved hydrophilicity, favourable functional groups, preferable stability, and separation quality after
treatment, rice husk biochar embedded into acrylamide-hydrogel (AAm-hydrogel) matrix was observed to have increased
sorption capacity (Sanyang et al., 2016). However, when compared to ion imprinted polymers, better selectivity was
observed for biochar adsorption technology in addition to high removal efficiency (Mafu et al., 2016).

4.1.2 Nanotechnology

With recent advancements and research in the field of nanotechnology and nanoparticles, various nano-inspired
solutions have been studied and gradually used to remove arsenic and toxic metal ions from water. Over the past years,
a plethora of carbonaceous nanomaterials has been investigated and developed to have favourable porosity, chemical
inertness, and adsorption capacity (Lal et al., 2020), with remarkable modifiable physical-chemical properties and great
adsorption quality. However, apart from being expensive, these nano-inspired adsorbents, including activated carbons,
have limited recycle use. The research tried to diminish most disadvantages by developing carbon nanocomposites
(loading carbon nanoparticles on natural mineral surfaces), by enhancing surface activity.

Unlike activated carbon, nano-dimensional graphene have oxygen-rich functional groups and a higher surface area
encouraging homogeneous dispersion and interaction of the adsorbent and pollutants, via -7 interaction and static
electricity (Wang et al., 2018). Pristine CNT has also demonstrated enhanced oxidation with NaOCl, HNO3, or KMnO4
(Wang et al., 2019). Additionally, Li et al. (2015) demonstrated that spray pyrolysis synthesized carbon nanospheres with
a high surface area can efficiently absorb Se ions and As from water samples. Moreover, using waste onion sheathing,
Venkateswarlu et al. (2016) modified graphene oxide with magnetite nanoparticles, removing trivalent arsenic ions from
water. This method is an innovative approach that utilizes waste onions to aid the removal of toxic metal ions. More
investigation on optimal pH, temperature, and cost-descending approach would make this methodology more promising.
Further, Ge et al. utilized 8-FeOOH nanorods with modified carbon foams (3D) to adsorb arsenic from contaminated water
(Ge et al., 2017). Furthermore, zero-valent iron nanoparticles were also understood to capture arsenic ions, using porous
organic frameworks (Liu et al., 2020). The techniques investigated by Liu et al. removed trivalent arsenic ions present in
contaminated wastewater.

The solvothermal method employs morphological variances in carbon, (unique spherical, nanorod, and structures),
inducing intrinsic adsorption qualities and nanostructures, that enhance the adsorption of arsenic in an aqueous solution.
[slam et al. (2021) demonstrated carbon with nanorod morphology to have an 82% adsorption affinity for Arsenite at pH
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3, along with better acid withstanding strength. Therefore, tailoring and exploring the structural morphology have been
of recent interest to increase adsorption capacity (Tuzen et al., 2020; Yu et al,, 2020; Yunus et al., 2020). Adsorption of
pentavalent arsenic ions depended on the strength of the acidity and microstructure of the aqueous medium. However,
since the investigation particularly focused on arsenic adsorption via structured carbon, further study on the efficiency
to adsorb other heavy metals would be beneficial. Moreover, stable surface functionality and the ability to accomplish
effective adsorption at low temperatures over a wide pH would be significant advancements.

Porous Fe,03 nanocubes and graphene aerogel (PGA/PeFe,03), investigated by Yu et al. (2019), has an adsorption
equilibrium of 30 and 5 min, respectively. The rapid dispersion of arsenic is facilitated by the aerogel. Both adsorbents
have a remarkable reusability, and an anti-interference shield over other adsorbents. The manganese oxides (recycled from
spent batteries), consisting of alginate beads and being a bio-nano sorbent (CABs-MO), efficiently removed arsenic and
cadmium from aqueous solutions. Although metal oxides can display good sorption ability, the particle size can affect the
practicality of the mechanism. Thus, this approach requires more testing before mounting large-scale removal applications.

4.1.3 Bio-adsorbent

Biogenic and recycled materials, based on microbial, plant, animal polymers (by bacteria, fungi, algae, lignin), which
are modified to have multi-surface functional groups, are better alternatives to remove contaminants (organic/inorganic)
from wastewater as they are environmentally friendly and relatively cost-effective (Shim et al., 2019a,b; Mukherjee et al.,
2016). Utilizing biosorption, heavy metal traces can be removed from a dilute aqueous medium. For example, fungi can
act as an economic bio sorbent for arsenic removal. Another example includes the biofilm on Neem leaves by Bacillus
arsenicus, along with MnFe, 0, composite, which scavenges trivalent and pentavalent arsenic ions (Podder and Majumder,
2016). Performing on film diffusion rather than intraparticle diffusion, the reaction reaches equilibrium by 30 °C, and is
a comparatively eco-friendly arsenic removal technique (Podder and Majumder, 2016).

The innovative methods that use nanomaterial technology are still expensive (to manufacture and modify) and
relatively difficult to separate after treatment compared to other adsorption mechanisms such as electro-sorption. Fur-
thermore, efficient techniques to regenerate, reuse, and develop bio-based modifications are yet to be studied (Yang et al.,
2019). More importantly, the biocompatibility of using carbon-based nanomaterials needs to be thoroughly understood,
particularly to prevent unknown health hazards. Adsorption techniques can be reversible, depending on the methodology
and adsorption substance. Therefore, combining adsorption with other techniques allows the removal of more than one
type of metal ion. As demonstrated by Nguyen et al. modified iron-ore sludge together with horizontal-subsurface-flow
wetland and Phragmites australis, adsorbs heavy metals, including arsenic from mining wastewater (Nguyen et al., 2019).
However, apart from investigating the optimal environmental conditions needed to enhance best adsorption capacity,
research is required to identify the potency of metal ions leaching from the adsorption surface, the concentration of metal
ions present, and the hydraulic loading rate, including the type of wetland (surface-flow, horizontal/vertical subsurface
flow). One of the most potent adsorption techniques, investigated by Qiu et al. (2019), is the simultaneous removal of
As and Sb from mining wastewater via reusable granular TiO,. This methodology not only removes two toxic metal ions
but also enables the TiO, column to be reused again for adsorption, making the technique cost-effective and efficient
compared to other adsorption removal methods. However, given the methodology is fairly new, further investigations on
adsorption dynamics centred around various other reaction systems are necessary.

4.1.4 Coagulation/precipitation

Coagulation is another popular method to remove arsenic from wastewater (Anjum, 2017). In this method, the arsenic
can be removed through the experiment of one bucket with filtration and two-bucket scheme as shown in Fig. 3. Limonite
for instance donates iron, in situ, initiating a low iron supersaturation, precipitating arsenic and forming scorodite (Li
et al,, 2021d,c). Dissolved ferric Arsenite sulphate (tooeleite) induces 99% efficiency within a pH 1.8-4.5 range, with an
initial As (III) concentration greater than 0.75 g/L at room temperature (Chai et al., 2016). The methodology significantly
outperforms other arsenic-bearing slags, directly removing trivalent arsenic ions. The scorodite production is a good
mechanism to remove arsenic, particularly via hydrometallurgical routes (Otgon et al,, 2019; Ma et al,, 2019). Another
mechanism, a bioremediation route, involves the use of microbes, thermo-acidophilic Fe(ll)-oxidizing archaea, to clean
acid wastewater and enhance bio-crystallization (Zeng et al., 2021). Although other metal ions (such as Cu) or factors
such as pH and temperature could inhibit/affect the microbial activity, environmental conditions need to be monitored
strictly (Okibe et al., 2017).

4.1.5 Chemical precipitation

Chemical precipitation is an effective methodology to remove arsenic content from strong acidic wastewater, partic-
ularly in smelting industries. Sulphide ions from pyrite react with As (III) ions, forming a stable compound, As,S3 (Li
et al., 2020a,b). As the reaction process oxidizes F(II) and As (III) to Fe(Ill) and As (V) respectively, crystalline scorodite is
ultimately formed, which removes approximately 99.4% of the arsenic from copper smelting wastewaters (Li et al., 2021b).
However, the efficiency of arsenic removal could vary depending on arsenic ion concentration in wastewater bodies. The
reaction process operates for 12 h at low pH (acidic environment) under high temperature. Therefore, compared to other
precipitation and adsorption techniques that remove arsenic, this process is comparatively time-consuming and requires
a large amount of energy. Secondly, high pH would enhance the reaction’s redox potential, inhibiting the precipitation
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Fig. 3. Coagulation process of arsenic removal with (a) one-bucket test & filtration (b) with two-bucket scheme, reprinted with the permission of
Elsevier from Cui et al. (2015).

of trivalent arsenic ions (Kim and Baek, 2019). For further arsenic removal from the system, deep purification for 3 h at
25 °C was performed (Li et al., 2021b). The treated water is usually recycled for smelting, so this method is considered
to be cost-effective and environmentally friendly. However, with the energy needed for the reaction to run within the
time frame for the complete process, precipitation of arsenic using pyrite seems to be expensive. Secondly, the chemical
precipitation method for arsenic removal harbours a disposal dilemma — if the arsenic is not properly disposed of, it
stands to be a pollutant and a potential health hazard.

Investigated by Liao et al. ultrasonic induced zerovalent lead, together with copper (II) sulphate, a diffusion-controlled
process, removes trivalent arsenic ions from industrial wastewater (Liao et al., 2021). However, mass transfer efficiency for
the method could be improved, alongside accelerating the arsenic removal rate. Nevertheless, the methodology required
less temperature to operate, making it energy-efficient relative to other methods. However, the rate of arsenic removal
needs to be further investigated, given that at a lower temperature, it is expected the reaction rate would be slow (even
though external heat is not required for the process). Sulphide precipitation, followed by hydrothermal mineralization,
precipitates 99.65% of arsenic under optimal conditions (Hu et al,, 2019). The hydrothermal mineralization enhances
the stability of the compound, As,Ss. Overall, the methodology is a potent arsenic precipitator, requiring low volume
substrates and is, therefore, a potential option for treating acidic wastewater.

4.1.6 Ion exchange

Another conventional technique to remove arsenic and toxic metal ions from wastewater (usually under the method
of precipitation) relies on the mechanism of ion exchange as shown in Fig. 4. For instance, As (V) was efficiently removed
using phosphorus pentasulfide (P,Ss5) under ultra-violet radiation (Peng et al., 2018). This methodology introduces H3PO4
(instead of cations) to aid the recycling of arsenic and acid in a low pH wastewater medium. However, such a methodology
would not be suitable/efficient for non-acidic contaminated water and generally takes a longer time. Secondly, such a
mechanism cannot be employed where bioprocessing is involved, since under the required strong acidic conditions, the
microbial activity would be significantly inhibited.

The removal of arsenic (in acidic wastewater) using hydrogen sulphide (H,S) is another efficient method. However,
conventional sulphuration builds H,S pollution, whereas the Kong et al. methodology immediately precipitated sulphides.
The reaction efficiency increases by 2.5-fold with UV irradiation, operated in the dark, removing more than 99.9% of
arsenic/heavy metals (Kong et al., 2020). Additionally, using formaldehyde wastewater and carbon resource, Zhao et al.
(2016) prepared a bioflocculate (MBF-79), which showed a better removal efficiency for arsenic at pH 7 compared to other
flocculants. Although promising, maintaining neutral pH for wastewater would be difficult, which could potentially be a
challenge for this mechanism.

4.1.7 Membrane

One of the most promising membrane techniques utilizes nanofiltration technology. A polyamide core-shell with a
bio-functionalized matrix membrane, consisting of varying quantities of C-S BF nanoparticles, developed via dissolution
casting methodology, efficiently removes both Arsenic (As) and Selenium (Se) ions. The novel mechanism filters pure water
against As (III) and Se ions with a brilliant regeneration ability and filtration efficiency of 99% and 98% against As (III) and
Se ions, respectively (with low-pressure drops) (Zeeshan et al., 2020). Compared to other membrane filtration techniques,

10



S.F. Ahmed, P.S. Kumar, M.R. Rozbu et al. Environmental Technology & Innovation 25 (2022) 102114

Anion exchange
FeCl; or AICI; membrane 9

addition
Treated water

AICl, + 3H,0

Al(OH);+3H™+
3cr
>
r oo Polluted water
recip
pH correction l
to6.5-7.0 Solids disposal
(with NaOH) or As recovery

Fig. 4. Arsenate removal process through the lon exchange system, reprinted with the permission of Elsevier from Oehmen et al. (2011).

the rejection efficiency of heavy metal ions is lower. Increased bio composite nanoparticles in membranes enhance the
augmentation and increase the rejection efficiency of metal ions (Rekik et al., 2017). However, augmentation passing
the optimum level and non-homogeneous dispersion of particles can potentially block pores, resulting in decreased
functionality of the membrane and hence efficiency, particularly in the basic medium.

4.1.8 Oxidation

Biotechnology involving aerobic granular sludge, removes both arsenic and heavy metal(loid)s from wastewater,
utilizing an oxidation mechanism (He et al., 2019). Biogenic scorodite synthesis, with the oxidation of As (IIl), catalyzed by
granular activated carbon (GAC) showed significant arsenic removal efficiency and precipitated stable scorodite particles
and thus, is a feasible approach to both crystalize scorodite and remove arsenic contaminants. The major technologies
for arsenic removal from wastewater are summarized in Table 2. Vega-Hernandez et al. (2020a,b) also demonstrated the
precipitation of Fe (III) with As (V), using microbial oxidation, which can inactivate GAC. However, more clarity on what
happens to the GAC and whether it needs to be replaced (when inactivated), including how the removal efficiency is
affected afterwards, would have been beneficial.

4.2 Arsenic removal techniques from contaminated soil

After water, soil is the environmental component most exposed to arsenic pollution. Inorganic forms of arsenic (AslII
and AsV) are mostly found in soil, but aerobic soil conditions often contain As (V) (da Silva et al., 2018). Usually, soil
arsenic is the major means of arsenic contamination in plants. A significant amount of arsenic is also bioaccumulated
in animals when they use these plants for various purposes. The arsenic accumulation in soil is regulated by the
soil composition, presence of organic/inorganic chemicals in soil, and other external factors. Since both animals and
plants are highly dependent on the multiple benefits produced through soil, it is necessary to assure efficient arsenic
removal from soil. Unlike water, efficient arsenic removal from soil involves many complexities due to its solid structure,
clogging possibilities in machinery, and the diversity of soil types. Therefore, efficient arsenic removal techniques
should also be designed for specific soil contexts. This section of the paper discusses some of the most efficient soil
arsenic removal techniques that include phytoremediation, washing methods, chemical treatment, electrical mechanisms,
chemical treatment, and so on.

4.2.1 Bioremediation

Bioremediation refers to a living organism (i.e. bacteria, plants, fungus) mediated contaminant-removal mechanism.
Such mechanisms are often applied in the case of arsenic removal from soil. Phytoremediation, fungal-remediation, and
algal-remediation are the most common types.

4.2.1.1 Phytoremediation Phytoremediation refers to a plant-mediated treatment strategy commonly used for heavy metal
treatment from water or soil. This process, shown in Fig. 5, is very promising since the growth characteristics of the
plants and their corresponding removal efficiency has been found to be very suitable in the case of soil treatment (Yan
et al,, 2017). One of the most important aspects of this process over the other renowned As removal processes is that
this is a culturally and socially accepted mechanism due to its intrinsic relationship with natural components (Alka et al.,
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Table 2

Overview of the major arsenic removal technologies for wastewater treatment.
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Method Advantages Disadvantages Arsenic form Removal rate Optimal Removal Ref.
removed condition Efficiency
Economical Requires efficient Arsenic content 99.8 wt.% pH < 6 50% Du et al. (2016)
control of pH, (bonded form)
temperature
High reusability pH needs to be As (V) Rapid (not pH = 10 81 and 92% Barakan and
maintained critically specified) Aghazadeh
) (2019)
Adsorption
Negligible Operational range of  As (IlI), As (V) Arsenic around 70% Mangwandi
leaching of pH is relatively solutions with et al. (2016)
binder narrow an initial
concentration
of 1000 ppb
Negligibly The reaction As (V) >95% pH = 2-11, 98.51% Zheng et al.
affected by pH mechanism does not 298 K, 300 (2020)
(works across a remove As (III) min; absorbant
wide pH range) dosage e 0.1

g/50 mL; speed
reached 180
rpm,

Tuneable Unknown biological As (V), As (IlI)  As (V)92-98% A broad range  70%-90% Lal et al. (2020)
physical- implication on human As (III): of pH (based (depending on
chemical health/ecosystem 42%-65% on adsorbent)  the
properties (using iron nanomaterial
impregnated used)
activated
charcoal)
Requires Sorption capacity - - pH= 6; - Sanyang et al.
low-cost decreases after 6 h; HBC-RH (2016)
adsorbents Strictly dependent on dosage:0.167 to
(Rice husk); en- sorbent dosage, 16.67 g/L
vironmentally ~ primary contaminant
friendly concentration, contact
time, and solution pH
High Reduced adsorption As (V) - pH 3; 25 C 82% Islam et al.
adsorption of at high pH; suitable (2021)
As for acidic waste
water;
microstructure-
dependent
Better Varying conditions As (Ill) and Se - pH 6-8 - Mafu et al.
selectivity required for batch ions (2016)
and column
adsorption
Relies on Sorption of arsenic is - - pH > 10; 15 - Masindi and
locally available minimal for min of Gitari (2016)
natural wastewater bodies equilibration,
material; with high arsenic 1 g of dosage;
independent of content due to finite arsenic
pH (arsenic adsorbent surface concentration
predicted to be 20 mg L'
present as
oxyanion in
alkaline
medium)
Outperforms Particle size could As (III); Cd 6.5 mg g~} pH (3-9), initial As > 31% Shim et al.
metal oxides, affect the practicality after 12 h concentration: (2019a,b)
biopolymers, of the mechanism (30-300 mg
and nanotubes L1y
in terms of cost adsorbent
and efficiency dosages:
0.1-20 g
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Table 2 (continued).
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Method Advantages Disadvantages Arsenic form Removal rate Optimal Removal Ref.
removed condition Efficiency
Reusable TiO,,  Specific for a reaction As (IlI), As (V)  Batch column: 600 g, 200 g of - Qiu et al.
cost effective;  system < 100 pg/L TiO, (2019)
Metal(loids), Field column:
antimony (Sb) As (0.378-
removed as 0.534 mg/g)
well
Deep removal, Requires high arsenic As (Ill), As (V) - 0.5 g L7 of Almost 100% Yu et al. (2019)
in bulk; fast wastewater PGA/PeFe,03; As (III)
diffusion pH:5; 298 K
Humic acid: 10
mg L~!
Arsenic (As) Depended on the - - Influent 75.1% Nguyen et al.
and heavy type of wet land Concentration: (2019)
metals 0.1 mg/L;
Hydraulic
Loading Rate 5
m3/d;
substrate:
Limestone
High removal Negative effect of As (V) Rapid (not pH > 9; room (more than 87% Barakan and
efficiency, even coexisting anions specified) temperature Aghazadeh
after 4 cycles (2020)
Allows the use Supersaturated iron - - 80 C; Fe/As 97.86% Li et al.
of solid waste; ions can hinder the molar ratio: (2020a,b)
Chemical low cost crystallization of 2.0;
Precipitation scorodite
Feasible Works for only high - - pH = 10 91.37% Li et al. (2021a)
strategy and arsenic concentrate
cost-effective wastewater
Direct removal; Requires high-arsenic As (III) - room 99%, Chai et al.
high efficiency acid wastewater temperature; (2016)
pH 1.8-4.5;
initial As (III)
concentration
greater than
0.75 g/L
Treats Arsenic precipitated - pH 1.2; mild - 0.67% Kim and Baek
wastewater was less; reducing (2019)
from arsenic- conditions
contaminated
soil; ferrous
oxalate phase
acts as solid
electrolyte;
economically
feasible
Allowing a low Expensive; strict - - pH of 1.5; 90 98.3% at a Li et al.
iron reaction conditions; degree Celsius; Fe/As molar (2021d,c)
supersaturation high temperature Fe/As molar ratio of 5
required ratio of 4; As: (389 mg/L-
10300 mg/L; residual AS
Sulphuric acid: concentration)
72500 mg/L

(continued on next page)

2021). The environment-friendly nature of the process also makes it different from many other more effective As removal
mechanisms. Despite being a very slow process to extract the highest proportion of As from soil compared to other
methods, it is still preferred over other more complex remediation strategies due to its low-cost implementation and
sustainable outcomes. Since the plant roots play the most important role for As isolation, the effectiveness of the process
gradually reduces due to the gradual reduction of root exudates after a specific period of time (da Silva et al,, 2018).
The roots gradually reduce their biomass over time after a certain growth period, and thus lose their root exudates and
the surface area for As extraction. Here, increased As content in the plant body also works as a contributing factor for a
gradual reduction in As extraction efficiency. The process is compatible with biological absorption, as in many cases As
molecules are absorbed through the plant’s internal absorption mechanism mediated by the roots.
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Table 2 (continued).
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Method Advantages Disadvantages Arsenic form Removal rate Optimal Removal Ref.
removed condition Efficiency
Reaction Arsenic removal As (IIT) 1.44 mg/L 55 °C; Pb/As 99.98% Liao et al.
temperature reaction rate is slow molar ratio 3, (2021)
achieved by CuSO4 (1 g/L);
ultrasound; ultrasonic
Copper (II) power 90 W;
sulphate does 120 min
not contribute
to secondary
pollution;
industrial
wastewater
reusable after
treatment
Rapid reaction  Efficiency decreases As (III) - 25 °C; 99.65% Hu et al. (2019)
rates when terminal pH pH = 4, S*7/As
increases up to 6; molar
hydrothermal ratio:3.0:1, 60
mineralization and min.
stabilization process
requires high energy

Oxidation Cost effective HRT optimization As (III) - pH 1.2 and 70  99% (oxidation Vega-
green °C efficiency) Hernandez
methodology; et al. (2020a,b)
facilitates
solid-liquid
separation
Remove As Batch reactors As (III) oxidized (74.6%e82.6% He et al. (2019)
from organic required to As (V)
wastewater.

Ion exchange Minimal H,S Requires acidic As (III) - UV Irradiation:  99.9% Kong et al.
pollution; low  conditions 2.5-fold in the (2020)
cost; dark;

Removes Cu (II) thiosulphate:

2-24 mM; [H+

] =186 M; As

(] = 2 mM
Disposed of en- Applicable for ferrous As (III) to As - Room- 98.85% Li et al.
vironmentally ~ smelting wastewater (V) temperature; (2020a,b)
friendly only initial arsenic
precipitates concentration:

8458 mg/ L

Ion exchange pH Competing anion may As (III) 99.4% Li et al. (2021b)

resin, independent; have a strong impact

Precipitation ion-specific
resin remove
As ions

Ion exchange, = Removes Arsenic is not - - pH < 6 Higher than Zhang et al.

Adsorption, nitrate from removed at high pH 90% (2018)

Redox reaction wastewater
that lacks
organic matter,
together with
arsenic

Ion exchange, Better contact  Inner-sphere complex As (V) - 1.2V As (T) and As Liu et al.

Electrochemical between formation may (111) removal (2019)

redox reactions, birnessite and  hinder/slow ratio: 54.3%

electrochemical Arsenic ions, desorption

adsorption facilitating
adsorption

(continued on next page)

There are several factors regulating the phytoremediation techniques in terms of As removal from soil. For instance,
soil type is one of the major regulators of the phytoremediation process. Studies show that when multiple types of soils
are treated under the same condition, result variations are found that correlate with the soil content. The efficiency of
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Table 2 (continued).

Method Advantages Disadvantages Arsenic form Removal rate Optimal Removal Ref.
removed condition Efficiency

Precipitation, Haematite used Expensive Cu-As; - 0, injected at  Cu-As: 99% Zeng et al.
oxidation to make iron; Fe-As ~90 °C, atm As: 95% (after  (2021)

recycling pressure; pH of 4 h)

0.7
Biogenic More stable Maintenance cost A (Il) oxidized - 4 and 20 g/L of - Vega-
precipitation, scorodite particularly for GAC Hernandez
oxidation particles microorganism et al. (2020a,b)
culturing

Bio-oxidation Heavy metals Gradual clogged of As (IIT) oxidized - pH: 2.5; 1M - Kamde et al.
followed by removed filter media and As (V) H2S04; (2019)
filtration and (<90%) along precipitated 30 °C-35 °C
adsorption with arsenic;

Bio-column can

be regenerated
Coagulation Suspended Higher efficiency of - - pH: 4to 9; <30% of the As Ge et al. (2020)

solids (in waste As-removal for alum 5 pg/L of

water liquor) than ferric chloride initial As (V)

enhances concentration

Arsenic

removal
Ion exchange, Facilitates Expensive As (V), As(T. Increased by As (Ill) = 99.2% (by P,Ss  Peng et al.
coagulation recycle and Zeng et al,, 12-fold under  6.67 mM; As in the Dark) (2018)
(UV-Light reuse of arsenic 2021)(IIT) UV radiation V) =
promoted 6.67 mM; [H*]
sulphuration) = 3.72 M; S/As

ratio-3:5

Bioflocculation ~ MBF-79 Strict monitoring Arsenate; - Inoculum size Arsenate: Zhao et al.

positively necessary for proper  Arsenite of 7.0%; 98.9%; (2016)

associated with microbial growth Formaldehyde: Arsenite: 84.6%

cell growth 350 mg/L; pH

of 6.0; at 30 C
Biosorption, Comparatively  An extensive process As (IlI), As (V) - 240 min; 30 As (Il):79.565% Podder and
bioaccumula- eco-friendly requiring °C; biosorbent  As (V): 86.385% Majumder
tion (film maintenance, under a dose of 0.9 g/L; (2016)
diffusion) neutral pH for 120 rms
bacterial growth

Nanofiltration  Brilliant Augmentation and As (III) - pH =29; 99% and 98% Zeeshan et al.
membrane regeneration non-homogeneous contact angle As (Ill) and Se  (2020)

performance; dispersion can block (46°) ions

Removes Se pores; acidic medium

ions as well effects As (III)

rejection

As removal for a specific plant also relies on the As type present in the specific soil condition. For example, as per the
study of Yan et al. (2017), labile arsenate (L-As) form has been found to be easily removable using Pteris vittata. Another
study on the efficiency of the same species for soil As removal found that Pteris vittata-mediated As removal is highly
cost-effective and easy to implement under extreme environments.

Among other plants to be chosen for As removal, Vetiver grass and water hyacinth have shown effective As removal
from soil, with water hyacinth showing almost double the effectiveness over vetiver grass, under optimum conditions
(Taleei et al., 2019). However, limitations of water hyacinth mediated As removal include the requirement of a flooding
condition over the soil. Another plant with the capacity to remove As from soil slowly is Colocasia esculenta L. Schott.
Despite this species very slow outcome, a pilot-scale study found its effectiveness under certain conditions (Thathong
et al., 2019). Since this setup has not yet been executed on a large scale, there is the possibility of failure or the necessity to
modify the approach for large-scale application. In all these different cases, the efficiency of the process is also dependent
on the root constitution of the plants. Studies show that different zones of the roots cause a different rate of As extraction
from soil.

Phytoremediation can also be coupled with other treatment strategies to enhance the efficiency of the process. For
instance, when coupled with the flushing/washing method, phytoremediation using Pteris vittata shows an increased
efficiency of at least 17% (Yan et al., 2017). In a similar study, instead of using a washing mechanism, external phosphate
(Phosphate Rocks) was added to the system to increase efficiency. In this regard, added phosphate played role in
process efficiency enhancement. The addition of 20%-28% iron-containing laterite soil has also been found to drastically
improve the As removal potential (Thathong et al., 2019). Thus, the presence of different ingredients accelerates or
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Fig. 5. Different steps during phytoremediation, reprinted with the permission of Elsevier from (Shukla and Srivastava, 2019).

Phytoremediation

improves the phytoremediation mechanism. However, in all these cases, such coupling does not promote remediation
directly, e.g. the addition of laterite soil is a type of intermediate stage during phytoremediation which results in the
development of iron-oxidizing bacteria. The introduction of such stages gradually achieves the expected efficiency and
rate of phytoremediation. Thus, the limitations of the phytoremediation process can be overcome.

4.2.1.2 Fungal remediation Fungi-mediated As removal from soil has been observed and while only a few species have
been found to be effective in removing As from the soil, some of them have shown significant potential. Talaromyces
is one such example that is highly arsenic-tolerant and can remove As from media (Nam et al., 2019). However, unlike
phytoremediation, fungal remediation can be applied in the aqueous media of As-contaminated soil. Another notable
difference between phytoremediation and fungal remediation is that unlike the plants used in phytoremediation, fungi
volatize the absorbed As. This can also be hazardous, as the volatized As will still accumulate in random places in the
environment.

4.2.1.3 Algal remediation Not many algae have shown significant As removal potential, however algal remediation of As
contaminants can be suitable for soil, especially for humid soil conditions. Chara Algae (Chara Vulgaris) is one of the few
algae with algal remediation properties and in many cases, this alga is usually more effective than some phytoremediation
methods (Taleei et al.,, 2019). However, unlike phytoremediation, effective algal remediation requires a comparatively
higher amount of investment in soil processing, since the algal growth and sustainability is highly regulated by the
corresponding soil components, moisture contents, temperature, and other variables. Therefore, processing techniques
are yet to be designed for a highly effective As remediation.

4.2.2 Washing methods

The washing method, a reagent-based cleaning method, refers to the suitable extraction of contaminants from media.
This process is already a very popular soil contaminant (especially heavy metals) removal mechanism; the potential
reasons behind its popularity are its simple operation, uncomplicated regulations, practicality, abundantly available
research, the broad scope for process upgradation, and so on (Bi et al., 2019). Unlike As removal from water, the washing
method has been found more suitable for As removal from soil. From a technical point of view, this is due to its capacity
to manipulate the soil’s properties altering enzymatic reactive and fertility potentials (Yan et al., 2017). The major priority
in this process of soil contaminant removal is the appropriate preparation of the washing agent. Additionally, washing
conditions should also be carefully determined as they are dependent on the soil characteristics and the constitution of
the reagents. Based on the significant amount of research into this area, this paper classifies washing methods into four
broad categories depending on the type of reagents used in the process. This includes acid-based washing, soluble organic
matter-mediated washing, coupling with other processes, and non-conventional processes.
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4.2.2.1 Acid-based washing methods Acid-based medium is the most commonly used reagent in washing methods. A
wide range of acidic media has already been identified in the literature that covers the use of multiple acids at different
concentrations. Maintaining suitable ratio, concentration and optimum conditions are necessary for effective As removal
without damaging soil properties, since strong acids often leach contaminants that alter the physical and chemical
constitution of soil (Cho et al., 2020). Traditionally, two strong acids, phosphoric acid and sulphuric acid, are commonly
used as soil washing agents at a suitable concentration. However, it was noted that their efficiency can be increased by
altering their concentration in the medium which imposes certain conditions. In this regard, soil particle size is another
important factor influencing the process. Such inorganic acids can be easily applied to large-scale soil As removal and,
considering the economic, operational, and technical suitability, even a sophisticated set up of this mechanism can be
useful for extreme ex-situ conditions.

Organic acids have also shown potential for effective soil As removal. This usually includes oxalic acid, citric acid, and
ascorbic acid (Nguyen Van et al,, 2017). Among them, oxalic acid is one of the most commonly used acids. However,
using oxalic acid as a washing reagent is more expensive compared to the above-mentioned inorganic acids. In order to
minimize the operational cost of the oxalic acid-based washing mechanism, other chemicals are added to it so that it
becomes both economically feasible to implement and operationally effective for As removal. Therefore, a study found a
POE (phosphoric acid, oxalic acid, and Na, EDTA (Ethylenediaminetetraacetic acid disodium salt dihydrate) respectively at
0.05M, 0.075M, and 0.075M concentration) combination that achieved a balance of operational cost and effectiveness. (Wei
et al,, 2016). Though all three of these agents are distinctly very effective washing agents, their combination makes the
process more practical. Though such processes should be strictly regulated to avoid unintentional soil damage, successful
industrial-scale implementation is still possible with some upgradation of available techniques. Another suitable process
for minimizing the cost of the oxalic acid-mediated washing method is to extract valuable resources using a multi-staged
reaction mechanism. By applying a two-staged reduction reaction mechanism (using sodium dithionite), the recovery of
iron and oxalates can be assured while extracting soil As using an oxalic acid-mediated washing mechanism (Kim and
Baek, 2019). This process is more applicable at an industrial scale since it produces ferrous oxalate which can be used in
industry as useful resources. Therefore, this process might not be very useful for non-industrial applications.

4.2.2.2 Soluble organic matter mediated washing methods In this process of soil As removal, soluble organic matter is used
to wash away the soil As from the contaminated soil. Such soluble organic matter can be of various types; however,
abundant oxygen-containing functional groups are more effective. These humic substances (HS) are effective washing
agents as they can effectively extract As from soil as a means of chemical treatment altering the chemical configuration
of the corresponding functional groups. The removal efficiency is highly reliant on the soil type and the number of
washing mechanism repetitions (Bi et al., 2019). There is another organic matter which in the dissolved form can assist
induced As isolation from the soil. For instance, during bioremediation of As from soil using plants or useful bacteria,
dissolved peptone or beef extract has been found to assist phytoremediation (Das and Das, 2020). However, using a
suitably dissolved form of the organic matter is important since this assures enough penetration of these washing agents
into the nooks and crannies between the soil particles.

4.2.2.3 Non-conventional washing methods In addition to the above-mentioned conventionally adopted As removal strate-
gies, non-conventional strategies are often adopted in order to isolate soil As. This is an emerging area of application that
requires significant modification before large-scale implementation is possible. The preference of these non-conventional
washing methodologies lies in their suitability over conventional methods due to their less environmentally hazardous
characteristics. Utilization of biodegradable chelator as washing agents during induced washing of As contaminated soil
might be a potential alternative to conventional soil As removal mechanisms. The process is carried out by the formation of
coordinate bonds in between the toxic elements and chelation agents that transform the solid form of the contaminants
into a soluble and easily removable form. Though the process has already shown effective removal at a pilot scale, its
large-scale implementation is still challenging due to the knowledge gap on the process mechanism (Wang et al., 2020a,b).
More development of the process is required to assure a more suitable application of chelator-induced washing for As
removal.

4.2.2.4 Washing methods coupled with other methods In some cases, many of the As removal processes do not result
in the expected As removal efficiency. Therefore, the coupling of multiple processes is needed to achieve suitable
efficiency. In these cases, washing agents are usually added to other processes. For example, when KH,PO, is added to the
phytoremediation mechanism, it enhances the efficiency by changing the soil composition and permeability coefficient
(Yan et al., 2017). However, this process can be criticized because it adds chemicals to the soil. Added chemicals such as
phosphate or nitrogen may cause eutrophication on small scale, causing degraded soil fertility. However, it is still useful
for sophisticated As removal from soil. Another example of coupling washing methods with other As removal mechanisms
is the incorporation of washing agents while sieving contaminated soil. In addition to this, washing methods are often
coupled with sieving, flotation, or other physical As extraction techniques. The purpose of such coupling is to enhance
the efficiency and rate. For instance, while the soil is sieved in the presence of washing agents, the process is enhanced
by both of the individual efficiencies being coupled (Liao et al., 2016). This coupling of washing methods with physical
As removal strategies might not be that effective at an industrial scale, however, it is still a good starting point to assure
successful applications of more in-depth extraction. Thus, the addition of different reagents to other As extraction systems
create more efficient removal.
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4.2.3 Chemical treatment

The above-mentioned processes incorporate some evidence of chemical treatment mechanisms for As removal.
However, chemical treatment of As contaminated soil is comparatively more difficult than As contaminated water,
since processes incorporating soil systems cause difficulty for carrying, transportation, and other stages of the treatment
mechanism. Considering the unique characteristics of a soil system, chemical precipitation might be a suitable technique
for soil As removal. In this process, a solid substance is formed from a solution for which fine-grained soil shows more
efficiency since they have a higher potential for forming more solid structures from the solution (Alka et al., 2021). The
utilization of Biochar is also another suitable chemical agent for chemical treatment of As contaminated soil. Biochar refers
to a carbon-rich solid structure.

Magnetic biochar, derived from iron oxides or zero-valent iron, has been found to assure efficient As removal from soil.
Magnetic biochar immobilizes bonded or non-bonded forms of As in a wet environment by forming temporary bonds
among the contaminants and biochar agents. Thus, it uses the contaminant’s multivalent properties for the successful
removal of the contaminant itself (Li et al., 2021d,c). The molecular magnetic properties of the available carbon present
in the biochar assist in bond formation and bond breakage in this context (Wan et al., 2020). In addition to magnetic
biochar, wheat straw biochar has also been found to be useful for sustainable chemical treatment of soil As. This biochar
assures efficient As removal through a series of chemical processes, i.e. physisorption, chemisorption, diffusion, and ion
exchange (Kumar and Bhattacharya, 2021). This is a type of biochemical remediation since living bodies have been utilized
to promote chemical treatment. Whereas chemical treatments are found to be more useful for As removal from water,
there are many other chemical components that can be used as examples of chemically mediated As removal from soil.

4.2.4 Electrical mechanism

Electrical mechanisms are often found useful for soil As removal through the application of different electricity-related
principles. Applications of electrokinetic techniques and electrodialytic processes are the most suitable process of soil As
removal. Electro-dialysis is the process through which ions are transported through a highly selective semipermeable
membrane that is designed as per the users’ interests and necessity. Electro-dialysis helps to isolate As and other
metallic contaminants using electric force in a semipermeable membrane system. In this process, suspended soil slurry
(contaminated with As) is poured into an electric setup containing an ion exchange membrane that selectively takes away
the As molecules from the soil slurry. The highest efficiency is achieved in the first few days and then reduces over time
(Ferreira et al., 2019). The process is useful for small-scale As extraction from heavily contaminated soil, with large-scale
implementation still a challenge.

Another electrical mechanism for soil As isolation is an electrokinetic system where electrokinetic force is used
for As removal. It is an emerging, non-conventional and promising means of soil As removal. Its removal potential is
limited to the removal of non-dissolved As from contaminated soil. The process, itself, refers to an electricity-mediated
mechanism under which direct current is applied to mobilize the contaminants in the corresponding system. Coupling
of the electrokinetic remediation with other remediation processes, e.g. bioremediation and chelation, helps to increase
the removal efficiency drastically (Alka et al., 2021). However, as an emerging non-conventional mechanism, there are
limitations and associated challenges with the process, i.e. the process is not yet capable of being applied at a large
scale. Large soil particles do not act efficiently under this process of As removal. Therefore, there is a need to improve
the application of the electro-kinetic mechanism for soil As removal. However, other electrical mechanisms, such as
electrocoagulation, electrochemical processes, and others, might be suitable for As removal from water. However, these
processes are not applicable for soil As removal. Therefore, knowledge of the above-mentioned two processes, electro-
dialysis, and electro-kinetics, should be prioritized in terms of developing large-scale soil As removal setups that use
electric force.

4.2.5 Physical treatment

Like many other treatment mechanisms, soil As removal is also able to incorporate many physical treatment strategies
that include flotation, adsorption, and so on. Physical treatment is often preferred over other remediation strategies
because it retains the soil’s properties by not incorporating any chemical or biochemical change throughout the process.
Unlike water As removal, soil As removal that uses physical treatment strategies needs to be carefully handled as not every
physical treatment setup can be incorporated in a soil system. In this context, flotation, a physical separation system, is
dependent on the density of the associated chemicals present in the flotation setup. Usually, soil As contaminants are
present in a slightly ionic form for which a suitable flotation media might be oil agglomerates. Such nonpolar oil particles
form nonpolar hydrocarbon bridges with the fine soil particles, mostly with SiO,. In this way, polar As ions are removed
from the nonpolar system created by the oil agglomerate (Choi et al., 2016). Based on the process steps described, flotation
can also be considered as a physiochemical process.

Adsorption is another suitable physical treatment system for soil As removal. Adsorption refers to a physical treatment
strategy that uses solid substances to isolate liquid or gaseous substances. This process is one of the oldest treatment
strategies due to its very simple operational scheme. The utilization of sophisticated surfaces for adsorption ensures
efficient contaminant isolation (Alka et al., 2021). However, the binding coefficient is the key influential factor that
determines adsorption’s removal efficiency. The process sometimes also incorporates some chemical properties making
it a physiochemical process (Sodhi et al., 2019). The major soil arsenic removal technologies are summarized in Table 3.

18



S.F. Ahmed, P.S. Kumar, M.R. Rozbu et al.

Environmental Technology & Innovation 25 (2022) 102114

Table 3
Overview of the major soil arsenic removal technologies.
Method Advantages Disadvantages Arsenic form Removal rate Optimal Removal Ref.
removed condition Efficiency
Phytoremedia- Less expensive  Efficiency is not Arsenic content Slow, increases  Slightly alkaline 54.04% (Pteris da Silva et al.
tion environment high if it is not (bonded form while coupled soil pH vittata L. (P.v.))  (2018), Yan
friendly coupled with with Oxygen, with other Some plants Around 50% et al. (2017),
effective for a flashing/other Calcium, Iron, treatment are more (Water Taleei et al.
long period of  treatments. Aluminium), As effective in Hyacinth - (2019) and
time Less effective in (V) and As (III) wetlands. Hyacintus Thathong et al.
heterogeneous Addition of orientalis) (2019)
soil laterite soil 30% (Vetiver
increase Grass -
efficiency Vetiveria
zizanioides)
89% (Colocasia
esculenta L.
schott)
Fungal Cost-effective Aqueous media As (V) and As Slow process Aqueous media >70% Nam et al.
remediation environment needs to be (1) (As (V) removal and (Talaromyces) (2019)
friendly created. is 3 to 5-fold pH 3.0 - 10.0
sustainable Very slow higher than As
works in process (111))
extreme
environment
Algal Effective Requirement of  As (III) Slow (Highest Humid soil Around 40% Taleei et al.
remediation process soil processing efficiency is (Chara Algae -  (2019)
available to create a achieved after Chara Vulgaris)
resources suitable a month)
environment
for algal
growth
Native Environmen- Cannot be fully Non-bonded As Slow Nutrient-rich 22.9% removed. Huang et al.
hygrophyte- tally extracted, soil 76.7% bonded (2019)
mediated sustainable instead with
remediation inexpensive bioavailability atmospheric Fe
reduces is reduced
bioavailable As  through bond
creation with
other agents
Acid-based Usually Inappropriate As (V), As (Ill),  Fasters (highest Suitable 35.81% (H,SO4) Nguyen Van
washing affordable setup might be  and Bonded efficiency can combination 62.96% (H3PO4) et al. (2017),
methods (Though few extremely Arsenic be achieved leads to higher  70.5% (0.6M Cho et al.
acid-based hazardous. within hours) efficiency H,S04 + 0.6M (2020) and Wei
systems are May cause acid H3PO,4 in 1:1 et al. (2016)
expensive) mine drainage. mixture
Easily Might be envi- solution)
operational ronmentally 41.9% (POE)
Effective hazardous
coupling
capacity
Multiple
combinations
of the acids
might be
designed for
more effective
washing agent
designing
Sieving coupled Increased Might not be As (IlI) and As Fast Optimum pH 10.2-45.5% Liao et al.
with washing efficiency due effective in all (V) depending on (Depending on  (2016)
agents to the the contexts the agent’s the size of soil
combination of constitution particles)
two methods
Flotation Increased Not much Bonded As, As Fast 82-93% Liao et al.
coupled with efficiency due useful for very  (IlI) and As (V) (2016)

washing agents

to the
combination of
two methods

fine extraction
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Method Advantages Disadvantages Arsenic form Removal rate Optimal Removal Ref.
removed condition Efficiency
Washing by Effective, easily = May degrade Bonded As, As Very fast due Neutral pH 93% (black soil)  Bi et al. (2019)
humic controllable the soil (1) and As (V)  to chemical (=7) 74.5% (fluvo
substance process properties treatment aquic soil)
74.3% (red soil)

Biodegradable Environmen- Lack of knowl- Fast pH =5 >90% from Wang et al.
chelator- tally edge/research farmland soil (2020a,b)
induced sustainable in terms of the
washing higher process

efficiency Blurry

Transition from knowledge on

the age-old the

conventional corresponding

mechanism risks
Chemical Cost-effective Cannot be Medium Works better 90% Alka et al.
Precipitation and easy to implemented at on acidic (2021)

implement a large scale medium
Magnetic Low cost, less Not much Both bonded Not that fast, Soil moisture is 28% Li et al.
biochar- complex, and suitable for wet and significant needed (2021d,c) and
mediated efficient soil condition non-bonded As  removal is Wan et al.
chemical process found after a (2020)
treatment day.
Wheat-straw Low cost Pyrolysis plant ~ Mostly As (III) Medium Extremely high  92% (at 700 °C) Kumar and
biochar- available requires temperature Bhattacharya
mediated ingredients for  sophisticated (700 ° C) (2021)
chemical biochar regulations Suitable pH =
treatment production during highly 6.57

reduce both stable biochar Suitable EC =

the straw production. 75 pS/cm

waste and As

contamination
Electro-dialytic ~ Very effective High Ionized As Fast for the pH = 10 63% (after first  Ferreira et al.
process in terms of implementation found in soil first 3 days, 3 days) (2019)

time and cost slurry then the rate 80% (after 2

efficiency large scale reduces weeks)

implementation
is challenging

Electro-kinetic Very efficient Limited to only  Non-dissolved Very rapid Alkaline pH 90% Alka et al.
process and rapid fine soil As process (2021)

process particle

Low-cost treatment

implementation

as per existing
knowledge, it is
applicable only
for the in-situ
condition

5 Challenges in removing arsenic from wastewater and contaminated soil

(continued on next page)

Arsenic removal from wastewater and contaminated soil is currently a challenge for the biophysical climate and living

organisms. Arsenic contamination through both anthropogenic and natural routes has created great global concern about
water and soil bodies (Masindi and Muedi, 2018). In most parts of the globe, the presence of arsenic in the environment
exceeds recommended levels. Consequently, a very selective, efficient, and economical system is necessary to eliminate
it from the environment, particularly from wastewater and contaminated soil which is quite challenging. Arsenic toxicity
in humans can cause health issues including encephalopathy, abdominal pain, skin darkening and thickening, watery
diarrhoea, numbness, and heart disease. Therefore, arsenic in a high concentration that enters the body can affect gut
microflora, which in turn could contribute to metabolism problems, as well as many diseases including cancer (Choiniere
and Wang, 2016).

Although there are several available techniques to remove arsenic from different sources, each technique has some
limitations in its feasibility, efficiency, impact on the environment, and cost-effectiveness. For example, adsorption and
chemical precipitation are the most commonly used arsenic removal methods (Salameh et al., 2015; Wang et al., 2015).
However, these removal techniques still face a number of challenges, including high treatment costs, massive hazardous
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Method Advantages Disadvantages Arsenic form Removal rate Optimal Removal Ref.
removed condition Efficiency
Flotation Effective for Large soil As (III) and As Medium pH =14 50% Choi et al.
soil properties particles are V) (2016)
reservation not suitable for
less expensive this process.
and less Floating media
complexities of  should be
the process selected
consciously for
effective As
extraction
Adsorption Flexible and Sorbent surface  As (Ill) and As Fast - Up to 95% Alka et al.
simplistic should be V) (2021) and
operation carefully Sodhi et al.
low cost changed before (2019)
reaching
saturation.

For extremely
contaminated
soil, the
process is
ineffective.
Highly selective
putting barrier
to random
adsorption

waste production of arsenic, and environmental pollution. In light of the high toxicity and substantial discharges of the
solid wastes generated by the processes, arsenic removal from contaminated soil and wastewater with a harmless process
is essential to the long-term growth of industry and the general safety of the environment. Despite some merits, each
arsenic removal technology faces a number of challenges as summarized in Table 4.

6 Future perspectives

Advanced functional materials, namely graphite oxides, carbon nanotubes, metal-organic frameworks, and developing
other innovative functional material forms are better alternatives in future improvement of arsenic removal techniques
from water and contaminated soil. Any emerging removal technology should address the issues of efficiency, effectiveness,
cost of operation and maintenance, the toxicity of by-products, and proper handling of post-remediation waste. Arsenic
can be completely removed from contaminated soil and water using the most efficient methods under ideal conditions.
Techniques that do not cause secondary environmental issues, consume less energy, and are cost-effective, are charac-
terized as sustainable recycling technologies, however, they require additional attention to become a successful method
of reducing arsenic contamination. As every single technology for arsenic removal has limitations, hybrid technologies
should be explored and evaluated for various fundamental conditions. Cooperation between researchers, industries, and
government bodies is also important in tackling the arsenic pollution issue and contamination in the environment.

7 Conclusion

Lowering the health and environmental risks from arsenic contamination can only be achieved by effective soil and
water treatment techniques. Technologies such as coagulation and flocculation, adsorption, and membrane technologies
are widely used. Other conventional methods primarily focus on Arsenite oxidation by introducing atmospheric oxygen,
microbial metabolism, or chemical activities. Adsorption presents many advantages: stable and simple operation, compact
facilities, easy waste handling and management, the lack of need for reagents, and the relatively lower operation cost.
The state-of-the-art technologies for arsenic removal are, however, ridden with limitations. For example, coagulation—-
flocculation processes require manipulation of the size of soluble species, which is not always possible. The adsorption
capacity of current techniques is low and the technologies do not allow regeneration or the reuse of components such
as adsorbents. Most of the technologies are not effective enough in bringing the arsenic concentration under maximum
contaminant level, as various factors like arsenic characterization and interaction with the environment compartment play
a role in determining removal efficacy. Overall, and regardless of the limitations, the adsorption technique can remove
arsenic from water and soil with high efficiency of nearly 100% and up to 95%, respectively.
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Table 4
Challenges of arsenic removal from contaminated soil and wastewater using different treatment techniques.
Treatment Challenges
Electrokinetic Not effective unless the capacity of cation exchange and salinity is low
Need sufficient soil moisture
Phytoremediation Usually not efficient on contaminants which are strongly bound or insoluble to the soil particles
In unfavourable climatic conditions, remediation may be slowed or lengthened, attempts to treat the soil may be
hampered.
Climate conditions can interfere with or impede plant development, slow the remediation process, or lengthen
the treatment period
Screening Not effective in removing the arsenic

Efficiency depends on the movement of wastewater which is not easy to be controlled

Oxidation/precipitation

The process is quite slower

Cannot remove arsenic on its own, it must be used in conjunction with other methods

Skimming Skimmer cleaning is required frequently to ensure process efficiency.

Biological Heating might be needed to continue the biological activity which involves noticeable cost
Processing cost may be increased if an additional nutrient is required,

Aeration Several cycles are required to effectively remove the arsenic

Not enough efficient for arsenic removal without integration with other techniques

Coagulation - filtration

Generates toxic sludge

Preoxidation might be necessary
Low-efficient in removing As (III)

Adsorption

Operational range of pH is relatively narrow
Regeneration/replacement is required
Cyanotoxin accumulation in adsorbents

Adsorption capacity mostly relies on the properties of activated carbon. Several activated carbons may be

commercially available but they are quite expensive.

Nanomaterials-based
adsorbents

Not sufficiently tested in ground conditions
Possible adverse impact on the environment

Flotation

A more complicated and costly process, in comparison to other physical treatments

High capital cost is involved

Chemicals needed to maintain appropriate froth characteristics

Turnover-attenuation

High capital and maintenance costs

Reduces the nutrient concentration in soil

Difficulty in finding adequate clean soil sources

Resins of lon-exchange

Competing anion may have a strong impact

Membrane-based
technique

Difficult to regulate the selectivity of membranous system

There could be fouling in the process
Toxic wastewater is generated

Important micronutrients needed for human health are rejected

High capital, high operating and maintenance cost
Water recovery rate is relatively low

Bioremediation

Implementation on a large scale is quite complex

Polymeric ligand
exchanger

Low-efficient for As (III) removal
Not adequately tested in ground conditions

Biofilters

It is required to replace the filter on a regular basis
A surface with a large area is needed
A high chance of blockage of being blocked

Nitrification-
denitrification

Large difference in the conditions needed for denitrification and nitrification makes maintenance difficult

Anaerobic, Aerobic
treatment

Maintenance is quite expensive
High land space is required

Thermal oxidation

Requires initial capital costs

High operating costs

Effluent transportation and storage

Biosorption

It is necessary to clean absorbents at a specific time interval

Membrane bioreactor

Membrane pollution as a result of regular membrane replacement

Very costly

Microbial fuel cell

The mechanism is hindered by microbes’ sluggish growth rate

Not cost-effective as the process is highly expensive

Chemical precipitation

Much more ineffective in the removal of metal ions
Consume chemicals such as lime, oxidants
Necessitate an oxidation step

22



S.F. Ahmed, P.S. Kumar, M.R. Rozbu et al. Environmental Technology & Innovation 25 (2022) 102114
CRediT authorship contribution statement

Shams Forruque Ahmed: Conceptualization, Writing - review & editing, Data curation, Formal analysis. P. Senthil
Kumar: Conceptualization, Validation, Supervision. Mahtabin Rodela Rozbu: Writing - review & editing, Data curation,
Formal analysis, Visualization. Anika Tasnim Chowdhury: Writing - review & editing, Resources, Formal analysis,
Visualization. Samiha Nuzhat: Writing - review & editing, Data curation, Formal analysis, Visualization. Nazifa Rafa:
Writing - review & editing, Resources, Formal analysis, Visualization. T.M.I. Mahlia: Data curation, Formal analysis,
Visualization. Hwai Chyuan Ong: Resources, Formal analysis, Visualization. M. Mofijur: Conceptualization, Validation,
Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

The authors highly express their gratitude to Asian University for Women, Chattogram, Bangladesh, for their supports
in carrying out this study.

References

Abbas, G., Murtaza, B., Bibi, L, Shahid, M., Niazi, N.K,, Khan, M.I, Amjad, M., Hussain, M., 2018. Arsenic uptake, toxicity, detoxification, and speciation
in plants: physiological, biochemical, and molecular aspects. Int. J. Environ. Res. Public Health 15 (59).

Ahmad, Arslan, Bhattacharya, Prosun, 2019. Environmental arsenic in a changing world. Groundw. Sustain. Dev. 8, 169-171.

Ahmed, S.F., Mofijur, M., Nuzhat, S., Chowdhury, A.T., Rafa, N., Uddin, M.A,, Inayat, A., Mahlia, T.M.L, Ong, H.C., Chia, W.Y., Show, P.L., 2021a. Recent
developments in physical, biological, chemical, and hybrid treatment techniques for removing emerging contaminants from wastewater. J. Hazard.
Mater. 416, 125912. http://dx.doi.org/10.1016/j.jhazmat.2021.125912.

Ahmed, S.F., Mofijur, M., Parisa, T.A., Islam, N., Kusumo, F., Inayat, A., Badruddin, I.A., Khan, T.M.Y., Ong, H.C., 2021b. Progress and challenges of
contaminate removal from wastewater using microalgae biomass. Chemosphere 131656.

Ali, H., Khan, E., 2018. What are heavy metals? Long-standing controversy over the scientific use of the term ‘heavy metals’-proposal of a
comprehensive definition. Toxicol. Environ. Chem. 100, 6-19. http://dx.doi.org/10.1080/02772248.2017.1413652.

Alka, S., Shahir, S., Ibrahim, N., Ndejiko, M.J,, Vo, D.V.N., Manan, F.A., 2021. Arsenic removal technologies and future trends: A mini review. J. Clean.
Prod. 278. http://dx.doi.org/10.1016/j.jclepro.2020.123805.

Amen, R, Bashir, H., Bibi, I, Shaheen, S.M., Niazi, N.K., Shahid, M., Hussain, M.M., Antoniadis, V., Shakoor, M.B., Al-Solaimani, S.G., Wang, H.,
Bundschubh, J., Rinklebe, J., 2020. A critical review on arsenic removal from water using biochar-based sorbents: The significance of modification
and redox reactions. Chem. Eng. J. 396. http://dx.doi.org/10.1016/j.cej.2020.125195.

Anjum, A., 2017. Adsorption Technology for Removal of Toxic Pollutants. Springer, Cham, pp. 25-80. http://dx.doi.org/10.1007/978-3-319-61146-4_2.
Barakan, S., Aghazadeh, V., 2019. Structural modification of nano bentonite by aluminum, iron pillarization and 3D growth of silica mesoporous
framework for arsenic removal from gold mine wastewater. ]J. Hazard. Mater. 378, 120779. http://dx.doi.org/10.1016/j.jhazmat.2019.120779.
Barakan, S., Aghazadeh, V., 2020. Feal12-polyoxocations intercalated nano-bentonite fabrication in concentrated suspension using one-step ultrasonic-
microwave irradiation for arsenic removal from alkaline wastewater. Int. J. Environ. Sci. Technol. 17, 2349-2366. http://dx.doi.org/10.1007/s13762-

019-02545-7.

Bi, D., Yuan, G., Wei, ]., Xiao, L, Feng, L., Meng, F., Wang, J., 2019. A soluble humic substance for the simultaneous removal of cadmium and arsenic
from contaminated soils. Int. J. Environ. Res. Public Health 16. http://dx.doi.org/10.3390/ijerph16244999.

Briffa, J., Sinagra, E., Blundell, R., 2020. Heavy metal pollution in the environment and their toxicological effects on humans. Heliyon 6, e04691.

Chai, L, Yue, M., Yang, J., Wang, Q., Li, Q., Liu, H,, 2016. Formation of tooeleite and the role of direct removal of As(Ill) from high-arsenic acid
wastewater. J. Hazard. Mater. 320, 620-627. http://dx.doi.org/10.1016/j.jhazmat.2016.07.069.

Chakraborti, D., Rahman, M.M.,, Das, B., Chatterjee, A., Das, D., Nayak, B., Pal, A., Chowdhury, U.K.,, Ahmed, S., Biswas, B.K., Sengupta, M.K., Hossain, M.A.,
Samanta, G. Roy, M.M,, Dutta, RN., Saha, K.C., Mukherjee, S.C,, Pati, S., Kar, P.B., Mukherjee, A., Kumar, M., 2017. Contamination des eaux
souterraines en arsenic et ses effets sur la santé en Inde. Hydrogeol. ]. 25, 1165-1181. http://dx.doi.org/10.1007/s10040-017-1556-6.

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. Int. ]J. Environ. Res. Public Health 15.

Chatterjee, S., Datta, S., Gupta, D.K,, 2017. Studies on arsenic and human health. In: Arsenic Contamination in the Environment. Springer, pp. 37-66.

Chen, G., Shi, H,, Tao, J., Chen, L, Liu, Y., Lei, G., Liu, X., Smol, ]J.P., 2015. Industrial arsenic contamination causes catastrophic changes in freshwater
ecosystems. Sci. Rep. 5, 1-7.

Cho, K., Myung, E., Kim, H., Park, N., Cheonyoung, Choi, Park, Cheol, 2020. Effect of soil washing solutions on simultaneous removal of heavy metals
and arsenic from contaminated soil. Int. J. Environ. Res. Public Health 17. http://dx.doi.org/10.3390/ijerph17093133.

Choi, ], Lee, E., Choi, S.Q., Lee, S., Han, Y., Kim, H., 2016. Arsenic removal from contaminated soils for recycling via oil agglomerate flotation. Chem.
Eng. ]J. 285, 207-217. http://dx.doi.org/10.1016/j.cej.2015.09.105.

Choiniere, J., Wang, L., 2016. Exposure to inorganic arsenic can lead to gut microbe perturbations and hepatocellular carcinoma. Acta Pharm. Sin. B
6, 426-429.

Chung, J.-Y., Yu, S.-D., Hong, Y.-S., 2014. Environmental source of arsenic exposure. ]J. Prev. Med. Public Health 47 (253).

Cui, Jinli, Jing, Chuanyong, Che, Dongsheng, Zhang, Jianfeng, Duan, Shuxuan, 2015. Groundwater Arsenic Removal by Coagulation Using Ferric (III)
Sulfate and Polyferric Sulfate: A Comparative and Mechanistic Study. J. Environ. Sci. 32, 42-53.

Das, Suvo Kumar, Das, Kumar Shaon, 2020. Influence of phosphorus and organic matter on microbial transformation of arsenic. Environ. Technol.
Innov. 19, 100930. http://dx.doi.org/10.1016/j.eti.2020.100930.

Dixit, R., Wasiullah Malaviya, D., Pandiyan, K., Singh, U.B., Sahu, A., Shukla, R,, Singh, B.P., Rai, J.P., Sharma, P.K., Lade, H., Paul, D., 2015. Bioremediation
of heavy metals from soil and aquatic environment: An overview of principles and criteria of fundamental processes. Sustain 7, 2189-2212.
http://dx.doi.org/10.3390/su7022189.

23


http://refhub.elsevier.com/S2352-1864(21)00746-X/sb1
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb1
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb1
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb2
http://dx.doi.org/10.1016/j.jhazmat.2021.125912
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb4
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb4
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb4
http://dx.doi.org/10.1080/02772248.2017.1413652
http://dx.doi.org/10.1016/j.jclepro.2020.123805
http://dx.doi.org/10.1016/j.cej.2020.125195
http://dx.doi.org/10.1007/978-3-319-61146-4_2
http://dx.doi.org/10.1016/j.jhazmat.2019.120779
http://dx.doi.org/10.1007/s13762-019-02545-7
http://dx.doi.org/10.1007/s13762-019-02545-7
http://dx.doi.org/10.1007/s13762-019-02545-7
http://dx.doi.org/10.3390/ijerph16244999
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb12
http://dx.doi.org/10.1016/j.jhazmat.2016.07.069
http://dx.doi.org/10.1007/s10040-017-1556-6
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb15
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb15
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb15
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb16
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb17
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb17
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb17
http://dx.doi.org/10.3390/ijerph17093133
http://dx.doi.org/10.1016/j.cej.2015.09.105
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb20
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb20
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb20
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb21
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb22
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb22
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb22
http://dx.doi.org/10.1016/j.eti.2020.100930
http://dx.doi.org/10.3390/su7022189

S.F. Ahmed, P.S. Kumar, M.R. Rozbu et al. Environmental Technology & Innovation 25 (2022) 102114

Du, Ying, Lu, Q. Chen, H., Du, Yaguang, Du, D., 2016. A novel strategy for arsenic removal from dirty acid wastewater via CaCO3-Ca(OH)2-Fe(III)
processing. J. Water Process. Eng. 12, 41-46. http://dx.doi.org/10.1016/j.jwpe.2016.06.003.

El Halah, A., Lopez-Carrasquero, F., Contreras, J., 2018. Applications of hydrogels in the adsorption of metallic ions.

Fan, CS., Tseng, S.C., Li, K.C,, Hou, C.H., 2016. Electro-removal of arsenic(Ill) and arsenic(V) from aqueous solutions by capacitive deionization. ]J.
Hazard. Mater. 312, 208-215. http://dx.doi.org/10.1016/j.jhazmat.2016.03.055.

Ferdosi, H., Dissen, E.K., Afari-Dwamena, N.A,, Li, ]., Chen, R,, Feinleib, M., Lamm, S.H., 2016. Arsenic in drinking water and lung cancer mortality in
the United States: An analysis based on US counties and 30 years of observation (1950-1979). J. Environ. Public Health 2016.

Fernandez, M.I, Valdebenito, P., Delgado, I., Segebre, ]., Chaparro, E., Fuentealba, D., Castillo, M., Vial, C., Barroso, ].P., Ziegler, A., 2020. Impact of
arsenic exposure on clinicopathological characteristics of bladder cancer: A comparative study between patients from an arsenic-exposed region
and nonexposed reference sites. In: Urologic Oncology: Seminars and Original Investigations. Elsevier, pp. 40-el.

Ferreira, A.R., Couto, N., Ribeiro, A.B., Ottosen, L.M., 2019. Electrodialytic arsenic removal from bulk and pre-treated soil. Water Air Soil Pollut. 230.
http://dx.doi.org/10.1007/s11270-019-4116-y.

Ge, ], Guha, B, Lippincott, L., Cach, S., Wei, ]., Su, T.L., Meng, X., 2020. Challenges of arsenic removal from municipal wastewater by coagulation with
ferric chloride and alum. Sci. Total Environ. 725, 138351. http://dx.doi.org/10.1016/j.scitotenv.2020.138351.

Ge, X, Ma, Y., Song, X, Wang, G., Zhang, H., Zhang, Y., Zhao, H., 2017. -FeOOH Nanorods/carbon foam-based hierarchically porous monolith for
highly effective arsenic removal. ACS Appl. Mater. Interfaces 9, 13480-13490. http://dx.doi.org/10.1021/acsami.7b01275.

Ghosh Nath, S., Debsarkar, A., Dutta, A., 2019. Technology alternatives for decontamination of arsenic-rich groundwater—A critical review. Environ.
Technol. Innov. 13, 277-303. http://dx.doi.org/10.1016/j.eti.2018.12.003.

Hashem, M.A., Nur-A-Tomal, M.S., Mondal, N.R,, Rahman, M.A., 2017. Hair burning and liming in tanneries is a source of pollution by arsenic, lead,
zinc, manganese and iron. Environ. Chem. Lett. 15, 501-506. http://dx.doi.org/10.1007/s10311-017-0634-2.

Hayat, K., Menhas, S., Bundschuh, J., Chaudhary, HJ., 2017. Microbial biotechnology as an emerging industrial wastewater treatment process for
arsenic mitigationa critical review. J. Clean. Prod. 151, 427-438. http://dx.doi.org/10.1016/j.jclepro.2017.03.084.

He, Z., Zhang, Q., Wei, Z., Wang, S., Pan, X., 2019. Multiple-pathway arsenic oxidation and removal from wastewater by a novel manganese-oxidizing
aerobic granular sludge. Water Res. 157, 83-93. http://dx.doi.org/10.1016/j.watres.2019.03.064.

Hong, Young-Seoub, Song, Ki-Hoon, Chung, Jin-Yong, 2014. Health effects of chronic arsenic exposure. ]. Prev. Med. Public Health=Yebang Uihakhoe
Chi 47, 245-252.

Hu, B., Yang, T. zu, Liu, feng, W., Zhang, D., chao, ., Chen, L, 2019. Removal of arsenic from acid wastewater via sulfide precipitation and
its hydrothermal mineralization stabilization. Trans. Nonferrous Met. Soc. China (Engl. Ed. 29, 2411-2421. http://dx.doi.org/10.1016/S1003-
6326(19)65147-2.

Huang, R., Wang, X., Xing, B., 2019. Removal of labile arsenic from flooded paddy soils with a novel extractive column loaded with quartz-supported
nanoscale zero-valent iron. Environ. Pollut. 255, 113249. http://dx.doi.org/10.1016/j.envpol.2019.113249.

Islam, A., Teo, S.H., Ahmed, M.T., Khandaker, S., Ibrahim, M.L,, Vo, D.V.N,, Abdulkreem-Alsultan, G., Khan, A.S., 2021. Novel micro-structured carbon-
based adsorbents for notorious arsenic removal from wastewater. Chemosphere 272, 129653. http://dx.doi.org/10.1016/j.chemosphere.2021.
129653.

Kamde, K., Dahake, R., Pandey, R.A., Bansiwal, A., 2019. Integrated bio-oxidation and adsorptive filtration reactor for removal of arsenic from
wastewater. Environ. Technol. (U. K.) 40, 1337-1348. http://dx.doi.org/10.1080/09593330.2017.1422547.

Kim, EJ., Baek, K., 2019. Selective recovery of ferrous oxalate and removal of arsenic and other metals from soil-washing wastewater using a reduction
reaction. J. Clean. Prod. 221, 635-643. http://dx.doi.org/10.1016/j.jclepro.2019.03.014.

Kippler, M., Skroder, H.,, Rahman, S.M., Tofail, F., Vahter, M., 2016. Elevated childhood exposure to arsenic despite reduced drinking water
concentrations—a longitudinal cohort study in rural Bangladesh. Environ. Int. 86, 119-125.

Kong, L., Hu, X., Peng, X., Wang, X., 2020. Specific H2S release from thiosulfate promoted by UV irradiation for removal of arsenic and heavy metals
from strongly acidic wastewater. Environ. Sci. Technol. 54, 14076-14084. http://dx.doi.org/10.1021/acs.est.0c05166.

Krajewski, A.K., Jimenez, M.P., Rappazzo, K.M., Lobdell, D.T., Jagai, J.S., 2021. Aggregated cumulative county arsenic in drinking water and associations
with bladder, colorectal, and kidney cancers, accounting for population served. J. Expo. Sci. Environ. Epidemiol. 1-11.

Kumar, A., Bhattacharya, T., 2021. Removal of arsenic by wheat straw biochar from soil. Bull. Environ. Contam. Toxicol. http://dx.doi.org/10.1007/
s00128-020-03095-2.

Kumari, B., Kumar, V., Sinha, AK, Ahsan, ., Ghosh, AK., Wang, H., DeBoeck, G., 2017. Toxicology of arsenic in fish and aquatic systems. Environ.
Chem. Lett. 15, 43-64.

Lal, S., Singhal, A., Kumari, P., 2020. Exploring carbonaceous nanomaterials for arsenic and chromium removal from wastewater. J. Water Process.
Eng. http://dx.doi.org/10.1016/j.jwpe.2020.101276.

Lata, S., Samadder, S.R,, 2016. Removal of arsenic from water using nano adsorbents and challenges: A review. ]. Environ. Manage. 166, 387-406.
http://dx.doi.org/10.1016/j.jenvman.2015.10.039.

Li, X,, Cai, G, Li, Y., Zhu, X, Qi, X,, Zhang, X., Shu, B., Li, K., Wei, Y., Wang, H., 2021c. Limonite as a source of solid iron in the crystallization of
scorodite aiming at arsenic removal from smelting wastewater. J. Clean. Prod. 278, 123552. http://dx.doi.org/10.1016/j.jclepro.2020.123552.

Li, Y. Qi, X, Li, G, Wang, H., 2021a. Double-pathway arsenic removal and immobilization from high arsenic-bearing wastewater by using nature
pyrite as in situ Fe and S donator. Chem. Eng. J. 410, 128303. http://dx.doi.org/10.1016/j.cej.2020.128303.

Li, Y., Qi, X, Li, G., Wang, H., 2021b. Efficient removal of arsenic from copper smelting wastewater via a synergy of steel-making slag and KMnO4.
J. Clean. Prod. 287, 125578. http://dx.doi.org/10.1016/j.jclepro.2020.125578.

Li, M., Wang, C., O’Connell, M.J., Chan, C.K., 2015. Carbon nanosphere adsorbents for removal of arsenate and selenate from water. Environ. Sci. Nano
2, 245-250.

Li, J., Zhang, Y., Wang, F., Wang, L., Liu, J., Hashimoto, Y., Hosomi, M., 2021d. Arsenic immobilization and removal in contaminated soil using
zero-valent iron or magnetic biochar amendment followed by dry magnetic separation. Sci. Total Environ. 768, 144521. http://dx.doi.org/10.1016/
j.scitotenv.2020.144521.

Li, Y., Zhu, X,, Qi, X, Shu, B, Zhang, X,, Li, K., Wei, Y., Hao, F., Wang, H., 2020a. Efficient removal of arsenic from copper smelting wastewater in
form of scorodite using copper slag. J. Clean. Prod. 270, 122428. http://dx.doi.org/10.1016/j.jclepro.2020.122428.

Li, Y., Zhu, X, Qi, X,, Shu, B, Zhang, X, Li, K, Wei, Y., Wang, H., 2020b. Removal and immobilization of arsenic from copper smelting wastewater
using copper slag by in situ encapsulation with silica gel. Chem. Eng. J. 394, 124833. http://dx.doi.org/10.1016/j.cej.2020.124833.

Liao, X, Li, Y., Yan, X,, 2016. Removal of heavy metals and arsenic from a co-contaminated soil by sieving combined with washing process. ]. Environ.
Sci. (China) 41, 202-210. http://dx.doi.org/10.1016/j.jes.2015.06.017.

Liao, T., Xi, Y., Zhang, L., Li, J., Cui, K., 2021. Removal of toxic arsenic (As(Ill)) from industrial wastewater by ultrasonic enhanced zero-valent lead
combined with CuSO4. J. Hazard. Mater. 408, 124464. http://dx.doi.org/10.1016/j.jhazmat.2020.124464.

Liu, L., Tan, W,, Suib, S.L, Qiu, G., Zheng, L., Su, S., 2019. Enhanced adsorption removal of arsenic from mining wastewater using birnessite under
electrochemical redox reactions. Chem. Eng. J. 375, 122051. http://dx.doi.org/10.1016/j.cej.2019.122051.

Liu, X,, Xu, H., Wang, L., Qu, Z, Yan, N., 2020. Surface nano-traps of Fe0/COFs for arsenic(Ill) depth removal from wastewater in non-ferrous smelting
industry. Chem. Eng. J. 381, 122559. http://dx.doi.org/10.1016/j.cej.2019.122559.

24


http://dx.doi.org/10.1016/j.jwpe.2016.06.003
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb26
http://dx.doi.org/10.1016/j.jhazmat.2016.03.055
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb28
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb28
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb28
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb29
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb29
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb29
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb29
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb29
http://dx.doi.org/10.1007/s11270-019-4116-y
http://dx.doi.org/10.1016/j.scitotenv.2020.138351
http://dx.doi.org/10.1021/acsami.7b01275
http://dx.doi.org/10.1016/j.eti.2018.12.003
http://dx.doi.org/10.1007/s10311-017-0634-2
http://dx.doi.org/10.1016/j.jclepro.2017.03.084
http://dx.doi.org/10.1016/j.watres.2019.03.064
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb37
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb37
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb37
http://dx.doi.org/10.1016/S1003-6326(19)65147-2
http://dx.doi.org/10.1016/S1003-6326(19)65147-2
http://dx.doi.org/10.1016/S1003-6326(19)65147-2
http://dx.doi.org/10.1016/j.envpol.2019.113249
http://dx.doi.org/10.1016/j.chemosphere.2021.129653
http://dx.doi.org/10.1016/j.chemosphere.2021.129653
http://dx.doi.org/10.1016/j.chemosphere.2021.129653
http://dx.doi.org/10.1080/09593330.2017.1422547
http://dx.doi.org/10.1016/j.jclepro.2019.03.014
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb43
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb43
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb43
http://dx.doi.org/10.1021/acs.est.0c05166
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb45
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb45
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb45
http://dx.doi.org/10.1007/s00128-020-03095-2
http://dx.doi.org/10.1007/s00128-020-03095-2
http://dx.doi.org/10.1007/s00128-020-03095-2
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb47
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb47
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb47
http://dx.doi.org/10.1016/j.jwpe.2020.101276
http://dx.doi.org/10.1016/j.jenvman.2015.10.039
http://dx.doi.org/10.1016/j.jclepro.2020.123552
http://dx.doi.org/10.1016/j.cej.2020.128303
http://dx.doi.org/10.1016/j.jclepro.2020.125578
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb53
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb53
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb53
http://dx.doi.org/10.1016/j.scitotenv.2020.144521
http://dx.doi.org/10.1016/j.scitotenv.2020.144521
http://dx.doi.org/10.1016/j.scitotenv.2020.144521
http://dx.doi.org/10.1016/j.jclepro.2020.122428
http://dx.doi.org/10.1016/j.cej.2020.124833
http://dx.doi.org/10.1016/j.jes.2015.06.017
http://dx.doi.org/10.1016/j.jhazmat.2020.124464
http://dx.doi.org/10.1016/j.cej.2019.122051
http://dx.doi.org/10.1016/j.cej.2019.122559

S.F. Ahmed, P.S. Kumar, M.R. Rozbu et al. Environmental Technology & Innovation 25 (2022) 102114

Ma, X., Gomez, M.A,, Yuan, Z., Zhang, G., Wang, S., Li, S., Yao, S., Wang, X, Jia, Y., 2019. A novel method for preparing an As(V) solution for scorodite
synthesis from an arsenic sulphide residue in a Pb refinery. Hydrometallurgy 183, 1-8. http://dx.doi.org/10.1016/j.hydromet.2018.11.003.

Ma, J., Lei, E., Lei, M., Liy, Y., Chen, T., 2018. Remediation of Arsenic contaminated soil using malposed intercropping of Pteris vittata L. and maize.
Chemosphere 194, 737-744. http://dx.doi.org/10.1016/j.chemosphere.2017.11.135.

Mafu, L.D., Mamba, B.B., Msagati, T.A.M., 2016. Synthesis and characterization of ion imprinted polymeric adsorbents for the selective recognition and
removal of arsenic and selenium in wastewater samples Synthesis and characterization of ion imprinted polymeric adsorbents. J. Saudi Chem.
Soc. 20, 594-605. http://dx.doi.org/10.1016/j.jscs.2014.12.008.

Mandal, P., 2017. An insight of environmental contamination of arsenic on animal health. Emerg. Contam. 3, 17-22.

Mangwandi, C., Suhaimi, S.N.A,, Liu, ].T., Dhenge, R.M., Albadarin, A.B., 2016. Design, production and characterisation of granular adsorbent material
for arsenic removal from contaminated wastewater. Chem. Eng. Res. Des. 110, 70-81. http://dx.doi.org/10.1016/j.cherd.2016.04.004.

Masindi, V., Gitari, W.M., 2016. Removal of arsenic from wastewaters by cryptocrystalline magnesite: Complimenting experimental results with
modelling. ]. Clean. Prod. 113, 318-324. http://dx.doi.org/10.1016/j.jclepro.2015.11.043.

Masindi, V., Muedi, K.L., 2018. Environmental contamination by heavy metals. Heavy Met. 10, 115-132.

Matthews, N.H., Fitch, K., Li, W.-Q., Morris, J.S., Christiani, D.C., Qureshi, A.A., Cho, E., 2019. Exposure to trace elements and risk of skin cancer: a
systematic review of epidemiologic studies. Cancer Epidemiol. Prev. Biomarkers 28, 3-21.

Mochizuki, H., 2019. Arsenic neurotoxicity in humans. Int. J. Mol. Sci. 20, 3418.

Mohammed Abdul, K.S., Jayasinghe, S.S., Chandana, E.P.S., Jayasumana, C., De Silva, P.M.CS., 2015. Arsenic and human health effects: A review.
Environ. Toxicol. Pharmacol. 40, 828-846. http://dx.doi.org/10.1016/j.etap.2015.09.016.

Mohanty, D., 2017. Conventional as well as emerging arsenic removal technologies—a critical review. Water Air Soil Pollut. 228. http://dx.doi.org/10.
1007/s11270-017-3549-4.

Mondal, P., Bhowmick, S., Chatterjee, D., Figoli, A., Van der Bruggen, B., 2013. Remediation of inorganic arsenic in groundwater for safe water supply:
A critical assessment of technological solutions. Chemosphere 92, 157-170. http://dx.doi.org/10.1016/j.chemosphere.2013.01.097.

Mukherjee, S., Tappe, W., Weihermueller, L., Hofmann, D., Képpchen, S., Laabs, V., Schroeder, T., Vereecken, H., Burauel, P., 2016. Dissipation of
bentazone, pyrimethanil and boscalid in biochar and digestate based soil mixtures for biopurification systems. Sci. Total Environ. 544, 192-202.
http://dx.doi.org/10.1016/j.scitotenv.2015.11.111.

Nam, LH., Murugesan, K., Ryu, J., Kim, J.H., 2019. Arsenic (As) removal using Talaromyces sp. KM-31 isolated from As-contaminated mine soil. Minerals
9, 1-11. http://dx.doi.org/10.3390/min9100568.

Nazari, Amir Mohammad, Radzinski, Rebecca, Ghahreman, Ahmad, 2017. Review of arsenic metallurgy: Treatment of arsenical minerals and the
immobilization of arsenic. Hydrometallurgy 174, 258-281.

Nguyen, H.T.H., Nguyen, B.Q.,, Duong, T.T., Bui, ATK, Nguyen, HT.A., Cao, H.T., Mai, N.T., Nguyen, KM., Pham, T.T., Kim, KW., 2019. Pilot-
scale removal of arsenic and heavy metals from mining wastewater using adsorption combined with constructed wetland. Minerals 9. http:
//dx.doi.org/10.3390/min9060379.

Nguyen Van, T., Osanai, Y., Do Nguyen, H., Kurosawa, K., 2017. Arsenic speciation and extraction and the significance of biodegradable acid on
arsenic removal—an approach for remediation of arsenic-contaminated soil. Int. ]J. Environ. Res. Public Health 14, 16-21. http://dx.doi.org/10.
3390/ijerph14090990.

Nicomel, N.R,, Leus, K., Folens, K., Van Der Voort, P., Du Laing, G., 2015. Technologies for arsenic removal from water: Current status and future
perspectives. Int. ]. Environ. Res. Public Health 13, 1-24. http://dx.doi.org/10.3390/ijerph13010062.

Nicomel, N.R,, Leus, K., Folens, K., Van Der Voort, P., Du Laing, G., 2016a. Technologies for arsenic removal from water: current status and future
perspectives. Int. ]. Environ. Res. Public Health 13, 62.

Nidheesh, P.V., Singh, T.S.A, 2017a. Arsenic removal by electrocoagulation process: Recent trends and removal mechanism. Chemosphere 181, 418-432.

Nidheesh, P.V., Singh, T.S.A., 2017b. Arsenic removal by electrocoagulation process: Recent trends and removal mechanism. Chemosphere 181,
418-432. http://dx.doi.org/10.1016/j.chemosphere.2017.04.082.

Oehmen, Adrian, Valerio, Rita, Llanos, Javier, Fradinho, Joana, Serra, Susana, A.M. Reis, Maria, G. Crespo, Joao, Velizarov, Svetlozar, 2011. Arsenic
Removal from Drinking Water through a Hybrid lon Exchange Membrane-Coagulation Process. Sep. Purif. Technol. 83, 137-143.

Okibe, N., Morishita, S., Tanaka, M., Sasaki, K., Hirajima, T., Hatano, K., Ohata, A., 2017. Bioscorodite crystallization using Acidianus brierleyi: Effects
caused by Cu(ll) present in As(Ill)-bearing copper refinery wastewaters. Hydrometallurgy 168, 121-126. http://dx.doi.org/10.1016/j.hydromet.
2016.07.003.

Otgon, N., Zhang, G., Zhang, K., Yang, C., 2019. Removal and fixation of arsenic by forming a complex precipitate containing scorodite and ferrihydrite.
Hydrometallurgy 186, 58-65. http://dx.doi.org/10.1016/j.hydromet.2019.03.012.

Pacyna, Jozef M., Pacyna, Elisabeth G., 2001. An assessment of global and regional emissions of trace metals to the atmosphere from anthropogenic
sources worldwide. Environ. Rev. 9, 269-298.

Peng, X., Chen, ], Kong, L., Hu, X,, 2018. Removal of arsenic from strongly acidic wastewater using phosphorus pentasulfide as precipitant: UV-light
promoted sulfuration reaction and particle aggregation. Environ. Sci. Technol. 52, 4794-4801. http://dx.doi.org/10.1021/acs.est.8b00206.

Podder, M.S., Majumder, C.B., 2016. Study of the kinetics of arsenic removal from wastewater using Bacillus arsenicus biofilms supported on a Neem
leaves/MnFe204 composite. Ecol. Eng. 88, 195-216. http://dx.doi.org/10.1016/j.ecoleng.2015.12.027.

Pous, N., Casentini, B., Rossetti, S., Fazi, S., Puig, S., Aulenta, F., 2015. Anaerobic arsenite oxidation with an electrode serving as the sole electron
acceptor: A novel approach to the bioremediation of arsenic-polluted groundwater. ]. Hazard. Mater. 283, 617-622. http://dx.doi.org/10.1016/j.
jhazmat.2014.10.014.

Powers, M., Sanchez, T.R., Grau-Perez, M., Yeh, F., Francesconi, K.A., Goessler, W., George, C.M., Heaney, C., Best, L.G., Umans, J.G., 2019. Low-moderate
arsenic exposure and respiratory in American Indian communities in the Strong Heart Study. Environ. Health 18, 1-12.

Prum, C., Dolphen, R., Thiravetyan, P., 2018. Enhancing arsenic removal from arsenic-contaminated water by Echinodorus cordifolius-endophytic
Arthrobacter creatinolyticus interactions. J. Environ. Manage. 213, 11-19. http://dx.doi.org/10.1016/j.jenvman.2018.02.060.

Qiy, S, Yan, L, Jing, C., 2019. Simultaneous removal of arsenic and antimony from mining wastewater using granular TiO2: Batch and field column
studies. J. Environ. Sci. (China) 75, 269-276. http://dx.doi.org/10.1016/j.jes.2018.04.001.

Rahman, M.A., Rahman, A. Khan, M.ZK., Renzaho, AM.N., 2018. Human health risks and socio-economic perspectives of arsenic exposure in
Bangladesh: A scoping review. Ecotoxicol. Environ. Saf. 150, 335-343. http://dx.doi.org/10.1016/j.ecoenv.2017.12.032.

Rathi, B. Senthil, Senthil Kumar, P., Ponprasath, R., Rohan, K., Jahnavi, N., 2021. An effective separation of toxic arsenic from aquatic environment
using electrochemical ion exchange process. ]J. Hard Mater. 412, 125240.

Rekik, S.B., Gassara, S., Bouaziz, J., Deratani, A., Baklouti, S., 2017. Development and characterization of porous membranes based on kaolin/chitosan
composite. Appl. Clay Sci. 143, 1-9. http://dx.doi.org/10.1016/j.clay.2017.03.008.

Renu, K., Madhyastha, H., Madhyastha, R., Maruyama, M., Vinayagam, S., Gopalakrishnan, A.V., 2018. Review on molecular and biochemical insights
of arsenic-mediated male reproductive toxicity. Life Sci. 212, 37-58.

Rieuwerts, John, 2017. The Elements of Environmental Pollution. Routledge.

Salameh, Y., Albadarin, A.B., Allen, S., Walker, G., Ahmad, M.N.M., 2015. Arsenic (IIl, V) adsorption onto charred dolomite: charring optimization and
batch studies. Chem. Eng. ]. 259, 663-671.

25


http://dx.doi.org/10.1016/j.hydromet.2018.11.003
http://dx.doi.org/10.1016/j.chemosphere.2017.11.135
http://dx.doi.org/10.1016/j.jscs.2014.12.008
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb64
http://dx.doi.org/10.1016/j.cherd.2016.04.004
http://dx.doi.org/10.1016/j.jclepro.2015.11.043
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb67
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb68
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb68
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb68
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb69
http://dx.doi.org/10.1016/j.etap.2015.09.016
http://dx.doi.org/10.1007/s11270-017-3549-4
http://dx.doi.org/10.1007/s11270-017-3549-4
http://dx.doi.org/10.1007/s11270-017-3549-4
http://dx.doi.org/10.1016/j.chemosphere.2013.01.097
http://dx.doi.org/10.1016/j.scitotenv.2015.11.111
http://dx.doi.org/10.3390/min9100568
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb75
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb75
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb75
http://dx.doi.org/10.3390/min9060379
http://dx.doi.org/10.3390/min9060379
http://dx.doi.org/10.3390/min9060379
http://dx.doi.org/10.3390/ijerph14090990
http://dx.doi.org/10.3390/ijerph14090990
http://dx.doi.org/10.3390/ijerph14090990
http://dx.doi.org/10.3390/ijerph13010062
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb79
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb79
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb79
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb80
http://dx.doi.org/10.1016/j.chemosphere.2017.04.082
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb82
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb82
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb82
http://dx.doi.org/10.1016/j.hydromet.2016.07.003
http://dx.doi.org/10.1016/j.hydromet.2016.07.003
http://dx.doi.org/10.1016/j.hydromet.2016.07.003
http://dx.doi.org/10.1016/j.hydromet.2019.03.012
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb85
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb85
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb85
http://dx.doi.org/10.1021/acs.est.8b00206
http://dx.doi.org/10.1016/j.ecoleng.2015.12.027
http://dx.doi.org/10.1016/j.jhazmat.2014.10.014
http://dx.doi.org/10.1016/j.jhazmat.2014.10.014
http://dx.doi.org/10.1016/j.jhazmat.2014.10.014
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb89
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb89
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb89
http://dx.doi.org/10.1016/j.jenvman.2018.02.060
http://dx.doi.org/10.1016/j.jes.2018.04.001
http://dx.doi.org/10.1016/j.ecoenv.2017.12.032
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb93
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb93
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb93
http://dx.doi.org/10.1016/j.clay.2017.03.008
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb95
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb95
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb95
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb96
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb97
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb97
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb97

S.F. Ahmed, P.S. Kumar, M.R. Rozbu et al. Environmental Technology & Innovation 25 (2022) 102114

Saleem, J., Shahid, U., Bin, M., Mackey, H., McKay, G., 2019. Production and applications of activated carbons as adsorbents from olive stones. Biomass
Convers. Biorefinery 9, 775-802.

Sanchez, T.R,, Powers, M., Perzanowski, M., George, C.M., Graziano, J.H., Navas-Acien, A., 2018. A meta-analysis of arsenic exposure and lung function:
is there evidence of restrictive or obstructive lung disease? Curr. Environ. Health Rep. 5, 244-254.

Sanyang, M.L., Ghani, WAW.AK, Idris, A, Ahmad, M. Bin, 2016. Hydrogel biochar composite for arsenic removal from wastewater. Desalin. Water
Treat. 57, 3674-3688. http://dx.doi.org/10.1080/19443994.2014.989412.

Sarkar, A., Paul, B, 2016. The global menace of arsenic and its conventional remediation - A critical review. Chemosphere 158, 37-49. http:
//dx.doi.org/10.1016/j.chemosphere.2016.05.043.

Shahid, M., Dumat, C., Khan Niazi, N., Khalid, S., 2018a. Global scale arsenic pollution: increase the scientific knowledge to reduce human exposure.
VertigO-la Rev. Electron. Sci. L'Environ..

Shahid, M., Niazi, N.K.,, Dumat, C.,, Naidy, R., Khalid, S., Rahman, M.M,, Bibi, I., 2018b. A meta-analysis of the distribution, sources and health risks of
arsenic-contaminated groundwater in Pakistan. Environ. Pollut. 242, 307-319. http://dx.doi.org/10.1016/j.envpol.2018.06.083.

Shakoor, Muhammad Bilal, Bibi, Irshad, Niazi, Nabeel Khan, Shahid, Muhammad, Nawaz, Muhammad Farrakh, Farooqi, Abida, Naidu, Ravi,
Rahman, Mohammad Mahmudur, Murtaza, Ghulam, Liittge, Andreas, 2018. The evaluation of arsenic contamination potential, speciation and
hydrogeochemical behaviour in aquifers of Punjab, Pakistan. Chemosphere 199, 737-746.

Shankar, S., Shanker, U., 2014. Arsenic contamination of groundwater: a review of sources, prevalence, health risks, and strategies for mitigation. Sci.
World J. 2014.

Shankar, Shiv, Shanker, Uma, Shikha, ., 2014. Arsenic contamination of groundwater: A review of sources, prevalence, health risks, and strategies for
mitigation. Sci. World J. 2014, 304524.

Shim, J., Kumar, M., Goswami, R., Mazumder, P., Oh, B.T., Shea, P.J., 2019a. Removal of p-cresol and tylosin from water using a novel composite of
alginate, recycled MnO2 and activated carbon. ]J. Hazard. Mater. 364, 419-428. http://dx.doi.org/10.1016/j.jhazmat.2018.09.065.

Shim, J., Kumar, M., Mukherjee, S., Goswami, R., 2019b. Sustainable removal of pernicious arsenic and cadmium by a novel composite of MnO2
impregnated alginate beads: A cost-effective approach for wastewater treatment. ]. Environ. Manage. 234, 8-20. http://dx.doi.org/10.1016/j.
jenvman.2018.12.084.

Shukla, Anurakti, Srivastava, Sudhakar, 2019. A Review of Phytoremediation Prospects for Arsenic Contaminated Water and Soil. Phytomanagement
of Polluted Sites. pp. 243-254.

Siddiqui, S.I., Chaudhry, S.A., 2017. Arsenic removal from water using nanocomposites: a review. Curr. Environ. Eng. 4, 81-102.

da Silva, E.B., Lessl, J.T., Wilkie, A.C., Liu, X,, Liu, Y., Ma, L.Q., 2018. Arsenic removal by As-hyperaccumulator Pteris vittata from two contaminated
soils: A 5-year study. Chemosphere 206, 736-741. http://dx.doi.org/10.1016/j.chemosphere.2018.05.055.

Silva-Adaya, D., Ramos-Chavez, L.A., Petrosyan, P., Gonzalez-Alfonso, W.L., Pérez-Acosta, A., Gonsebatt, M.E., 2020. Early neurotoxic effects of inorganic
arsenic modulate cortical GSH levels associated with the activation of the Nrf2 and NFxkB pathways, expression of amino acid transporters and
NMDA receptors and the production of hydrogen sulfide. Front. Cell. Neurosci. 14 (17).

Singh, Pardeep, Borthakur, Anwesha, Singh, Rishikesh, Bhadouria, Rahul, Singh, Vipin Kumar, Devi, Pooja, 2021. A critical review on the research
trends and emerging technologies for arsenic decontamination from water. Groundw. Sustain. Dev. 100607.

Singh, R,, Singh, S., Parihar, P., Singh, V.P., Prasad, S.M., 2015. Arsenic contamination, consequences and remediation techniques: A review. Ecotoxicol.
Environ. Saf. 112, 247-270. http://dx.doi.org/10.1016/j.ecoenv.2014.10.009.

Smedley, P.L.,, Kinniburgh, D.G., 2013. Arsenic in groundwater and the environment. In: Selinus, O., Alloway, B., Centeno, ].A., Finkelman, R.B., Fuge, R.,
Lindh, U., Smedley, P.L. (Eds.), Essentials of Medical Geology. Springer International Publishing, Berlin, pp. 279-310.

Smith, A.H., Marshall, G., Roh, T., Ferreccio, C., Liaw, J., Steinmaus, C., 2018. Lung, bladder, and kidney cancer mortality 40 years after arsenic exposure
reduction. JNCI J. Natl. Cancer Inst. 110, 241-249.

Sodhi, KK, Kumar, M., Agrawal, P.K,, Singh, D.K, 2019. Perspectives on arsenic toxicity, carcinogenicity and its systemic remediation strategies.
Environ. Technol. Innov. 16, 100462. http://dx.doi.org/10.1016/j.eti.2019.100462.

Souza, A.C.F,, Bastos, D.S.S., Sertorio, M.N., Santos, F.C.,, Ervilha, L.O.G., de Oliveira, L.L.,, Machado-Neves, M., 2019. Combined effects of arsenic exposure
and diabetes on male reproductive functions. Andrology 7, 730-740.

Taleei, M.M., Karbalaei Ghomi, N., Jozi, S.A., 2019. Arsenic removal of contaminated soils by phytoremediation of vetiver grass, chara algae and water
hyacinth. Bull. Environ. Contam. Toxicol. 102, 134-139. http://dx.doi.org/10.1007/s00128-018-2495-1.

Tchounwou, P.B., Yedjou, C.G., Patlolla, AK, Sutton, DJ., 2012. Heavy metal toxicity and the environment. Mol. Clin. Environ. Toxicol. 13, 3-164.
http://dx.doi.org/10.1007/978-3-7643-8340-4.

Thathong, V., Tantamsapya, N., Yossapol, C., Liao, C.H., Wirojanagud, W., Padungthon, S., 2019. Role of Colocasia esculenta L. schott in arsenic removal
by a pilot-scale constructed wetland filled with laterite soil. Heliyon 5, e01233. http://dx.doi.org/10.1016/j.heliyon.2019.e01233.

Timalsina, H., Mainali, B., Angove, MJ., Komai, T., Paudel, S.R,, 2021a. Potential modification of groundwater arsenic removal filter commonly used
in nepal: A review. Groundw. Sustain. Dev. 100549.

Timalsina, Haribansha, Mainali, Bandita., Angove, Michael J., Komai, Takeshi, Paudel, Shukra Raj, 2021b. Potential modification of groundwater arsenic
removal filter commonly used in Nepal: A review. Groundw. Sustain. Dev. 12, 100549.

Tuzen, M., Sari, A, Saleh, T.A., 2020. Synthesis, characterization and evaluation of carbon nanofiber modified-polymer for ultra-removal of thorium
ions from aquatic media. Chem. Eng. Res. Des. 163, 76-84. http://dx.doi.org/10.1016/j.cherd.2020.08.021.

Ungureanu, G., Santos, S., Boaventura, R., Botelho, C., 2015. Arsenic and antimony in water and wastewater: Overview of removal techniques with
special reference to latest advances in adsorption. J. Environ. Manage. 151, 326-342. http://dx.doi.org/10.1016/j.jenvman.2014.12.051.

Vega-Hernandez, S., Sanchéz-Andrea, 1., Weijma, J., Buisman, CJ.N., 2020a. An integrated green methodology for the continuous biological removal
and fixation of arsenic from acid wastewater through the GAC-catalyzed As(Ill) oxidation. Chem. Eng. J. 127758. http://dx.doi.org/10.1016/j.cej.
2020.127758.

Vega-Hernandez, S., Weijma, ]., Buisman, CJ.N., 2020b. Particle size control of biogenic scorodite during the GAC-catalysed As(Ill) oxidation for
efficient arsenic removal in acid wastewaters. Water Resour. Ind. 23, 100128. http://dx.doi.org/10.1016/j.wri.2020.100128.

Venkateswarly, S., Lee, D., Yoon, M., 2016. Bioinspired 2D-carbon flakes and Fe304 nanoparticles composite for arsenite removal. ACS Appl. Mater.
Interfaces 8, 23876-23885. http://dx.doi.org/10.1021/acsami.6b03583.

Wan, X, Li, C, Parikh, S.J., 2020. Simultaneous removal of arsenic, cadmium, and lead from soil by iron-modified magnetic biochar. Environ. Pollut.
261, 114157. http://dx.doi.org/10.1016/j.envpol.2020.114157.

Wang, S., Gao, B, Li, Y., Mosa, A., Zimmerman, A.R., Ma, L.Q., Harris, W.G., Migliaccio, KW., 2015. Manganese oxide-modified biochars: preparation,
characterization, and sorption of arsenate and lead. Bioresour. Technol. 181, 13-17.

Wang, S., Li, X, Liu, Y., Zhang, C, Tan, X., Zeng, G., Song, B., Jiang, L., 2018. Nitrogen-containing amino compounds functionalized graphene oxide:
Synthesis, characterization and application for the removal of pollutants from wastewater: A review. ]. Hazard. Mater. http://dx.doi.org/10.1016/
j.Jjhazmat.2017.06.071.

Wang, Y., Pan, C,, Chu, W,, Vipin, A, Sun, L., 2019. Environmental remediation applications of carbon nanotubes and graphene oxide: Adsorption and
catalysis. Nanomaterials 9 (439), http://dx.doi.org/10.3390/nano9030439.

26


http://refhub.elsevier.com/S2352-1864(21)00746-X/sb98
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb98
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb98
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb99
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb99
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb99
http://dx.doi.org/10.1080/19443994.2014.989412
http://dx.doi.org/10.1016/j.chemosphere.2016.05.043
http://dx.doi.org/10.1016/j.chemosphere.2016.05.043
http://dx.doi.org/10.1016/j.chemosphere.2016.05.043
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb102
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb102
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb102
http://dx.doi.org/10.1016/j.envpol.2018.06.083
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb104
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb104
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb104
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb104
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb104
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb105
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb105
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb105
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb106
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb106
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb106
http://dx.doi.org/10.1016/j.jhazmat.2018.09.065
http://dx.doi.org/10.1016/j.jenvman.2018.12.084
http://dx.doi.org/10.1016/j.jenvman.2018.12.084
http://dx.doi.org/10.1016/j.jenvman.2018.12.084
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb109
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb109
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb109
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb110
http://dx.doi.org/10.1016/j.chemosphere.2018.05.055
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb112
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb112
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb112
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb112
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb112
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb113
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb113
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb113
http://dx.doi.org/10.1016/j.ecoenv.2014.10.009
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb115
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb115
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb115
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb116
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb116
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb116
http://dx.doi.org/10.1016/j.eti.2019.100462
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb118
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb118
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb118
http://dx.doi.org/10.1007/s00128-018-2495-1
http://dx.doi.org/10.1007/978-3-7643-8340-4
http://dx.doi.org/10.1016/j.heliyon.2019.e01233
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb122
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb122
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb122
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb123
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb123
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb123
http://dx.doi.org/10.1016/j.cherd.2020.08.021
http://dx.doi.org/10.1016/j.jenvman.2014.12.051
http://dx.doi.org/10.1016/j.cej.2020.127758
http://dx.doi.org/10.1016/j.cej.2020.127758
http://dx.doi.org/10.1016/j.cej.2020.127758
http://dx.doi.org/10.1016/j.wri.2020.100128
http://dx.doi.org/10.1021/acsami.6b03583
http://dx.doi.org/10.1016/j.envpol.2020.114157
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb130
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb130
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb130
http://dx.doi.org/10.1016/j.jhazmat.2017.06.071
http://dx.doi.org/10.1016/j.jhazmat.2017.06.071
http://dx.doi.org/10.1016/j.jhazmat.2017.06.071
http://dx.doi.org/10.3390/nano9030439

S.F. Ahmed, P.S. Kumar, M.R. Rozbu et al. Environmental Technology & Innovation 25 (2022) 102114

Wang, G., Pan, X, Zhang, S., Zhong, Q., Zhou, W., Zhang, X., Wu, J., Vijver, M.G., Peijnenburg, W.J.G.M., 2020a. Remediation of heavy metal contaminated
soil by biodegradable chelator-induced washing: Efficiencies and mechanisms. Environ. Res. 186, 109554. http://dx.doi.org/10.1016/j.envres.2020.
109554.

Wang, A., Zhou, K., Zhang, X., Zhou, D., Peng, C., Chen, W., 2020b. Arsenic removal from highly-acidic wastewater with high arsenic content by
copper-chloride synergistic reduction. Chemosphere 238, 124675. http://dx.doi.org/10.1016/j.chemosphere.2019.124675.

Wei, M., Chen, J., Wang, X., 2016. Removal of arsenic and cadmium with sequential soil washing techniques using Na2EDTA, oxalic and phosphoric
acid: Optimization conditions, removal effectiveness and ecological risks. Chemosphere 156, 252-261. http://dx.doi.org/10.1016/j.chemosphere.
2016.04.106.

Wei, S., Zhang, H., Tao, S., 2019. A review of arsenic exposure and lung cancer. Toxicol. Res. (Cambr.) 8, 319-327.

WHO, 2018. Arsenic.

World Health Organization, 2011. Arsenic in Drinking Water. Geneva.

Yadav, M.K,, Saidulu, D., Gupta, AK,, Ghosal, P.S., Mukherjee, A., 2021. Status and management of arsenic pollution in groundwater: A comprehensive
appraisal of recent global scenario, human health impacts, sustainable field-scale treatment technologies. J. Environ. Chem. Eng. 105203.

Yan, X,, Liu, Q., Wang, J., Liao, X., 2017. A combined process coupling phytoremediation and in situ flushing for removal of arsenic in contaminated
soil. J. Environ. Sci. (China) 57, 104-109. http://dx.doi.org/10.1016/j.jes.2016.10.015.

Yang, J., Hou, B., Wang, ], Tian, B, Bi, J, Wang, N, Li, X, Huang, X., 2019. Nanomaterials for the removal of heavy metals from wastewater.
Nanomaterials 9 (424), http://dx.doi.org/10.3390/nano9030424.

Yang, X, Xia, L., Song, S., 2017. Arsenic adsorption from water using graphene-based materials as adsorbents: A critical review. Surf. Rev. Lett. 24,
1-12. http://dx.doi.org/10.1142/S0218625X17300015.

Yy, J., Feng, H., Tang, L., Pang, Y., Zeng, G., Ly, Y., Dong, H., Liu, Y., Wang, Jiajia, Feng, C., Peng, B., Wang, Jingjing, Ye, S., 2020. Metal-free carbon
materials for persulfate-based advanced oxidation process: Microstructure, property and tailoring. Prog. Mater. Sci. http://dx.doi.org/10.1016/j.
pmatsci.2020.100654.

Yu, X., Wei, Y., Liy, C,, Ma, ., Liu, H., Wei, S., Deng, W., Xiang, J., Luo, S., 2019. Ultrafast and deep removal of arsenic in high-concentration wastewater:
A superior bulk adsorbent of porous Fe203 nanocubes-impregnated graphene aerogel. Chemosphere 222, 258-266. http://dx.doi.org/10.1016/].
chemosphere.2019.01.130.

Yunus, Z.M., Al-Gheethi, A., Othman, N., Hamdan, R., Ruslan, N.N., 2020. Removal of heavy metals from mining effluents in tile and electroplating
industries using honeydew peel activated carbon: A microstructure and techno-economic analysis. ]. Clean. Prod. 251, 119738. http://dx.doi.org/
10.1016/j.jclepro.2019.119738.

Zeeshan, M.H., Khan, R.U., Shafig, M., Sabir, A., 2020. Polyamide intercalated nanofiltration membrane modified with biofunctionalized core shell
composite for efficient removal of Arsenic and Selenium from wastewater. J. Water Process. Eng. 34, 101175. http://dx.doi.org/10.1016/j.jwpe.
2020.101175.

Zeng, T., Deng, Z., Zhang, F., Fan, G., Wei, C, Li, X, Li, M,, Liu, H,, 2021. Removal of arsenic from Dirty acid wastewater via Waelz slag and the
recovery of valuable metals. Hydrometallurgy 200, 105562. http://dx.doi.org/10.1016/j.hydromet.2021.105562.

Zhang, M., Li, Y., Long, X, Chong, Y., Yu, G. He, Z, 2018. An alternative approach for nitrate and arsenic removal from wastewater via a
nitrate-dependent ferrous oxidation process. ]J. Environ. Manage. 220, 246-252. http://dx.doi.org/10.1016/j.jenvman.2018.05.031.

Zhang, Y., Xu, B., Guo, Z., Han, |, Li, H,, Jin, L, Chen, F., Xiong, Y., 2019. Human health risk assessment of groundwater arsenic contamination in
Jinghui irrigation district, China. J. Environ. Manage. 237, 163-169.

Zhao, H., Zhong, C., Chen, H., Yao, J.,, Tan, L, Zhang, Y., Zhou, J., 2016. Production of bioflocculants prepared from formaldehyde wastewater for the
potential removal of arsenic. ]. Environ. Manage. 172, 71-76. http://dx.doi.org/10.1016/j.jenvman.2016.02.024.

Zheng, X., Yi, M., Chen, Z., Zhang, Z., Ye, L., Cheng, G., Xiao, Y., 2020. Efficient removal of As(V) from simulated arsenic-contaminated wastewater
via a novel metal-organic framework material: Synthesis, structure, and response surface methodology. Appl. Organomet. Chem. 34, e5584.
http://dx.doi.org/10.1002/aoc.5584.

Zubair, M., Ahmad, M., Qureshi, Z.I., 2017. Review on arsenic-induced toxicity in male reproductive system and its amelioration. Andrologia 49,
e12791.

27


http://dx.doi.org/10.1016/j.envres.2020.109554
http://dx.doi.org/10.1016/j.envres.2020.109554
http://dx.doi.org/10.1016/j.envres.2020.109554
http://dx.doi.org/10.1016/j.chemosphere.2019.124675
http://dx.doi.org/10.1016/j.chemosphere.2016.04.106
http://dx.doi.org/10.1016/j.chemosphere.2016.04.106
http://dx.doi.org/10.1016/j.chemosphere.2016.04.106
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb136
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb137
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb138
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb139
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb139
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb139
http://dx.doi.org/10.1016/j.jes.2016.10.015
http://dx.doi.org/10.3390/nano9030424
http://dx.doi.org/10.1142/S0218625X17300015
http://dx.doi.org/10.1016/j.pmatsci.2020.100654
http://dx.doi.org/10.1016/j.pmatsci.2020.100654
http://dx.doi.org/10.1016/j.pmatsci.2020.100654
http://dx.doi.org/10.1016/j.chemosphere.2019.01.130
http://dx.doi.org/10.1016/j.chemosphere.2019.01.130
http://dx.doi.org/10.1016/j.chemosphere.2019.01.130
http://dx.doi.org/10.1016/j.jclepro.2019.119738
http://dx.doi.org/10.1016/j.jclepro.2019.119738
http://dx.doi.org/10.1016/j.jclepro.2019.119738
http://dx.doi.org/10.1016/j.jwpe.2020.101175
http://dx.doi.org/10.1016/j.jwpe.2020.101175
http://dx.doi.org/10.1016/j.jwpe.2020.101175
http://dx.doi.org/10.1016/j.hydromet.2021.105562
http://dx.doi.org/10.1016/j.jenvman.2018.05.031
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb149
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb149
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb149
http://dx.doi.org/10.1016/j.jenvman.2016.02.024
http://dx.doi.org/10.1002/aoc.5584
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb152
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb152
http://refhub.elsevier.com/S2352-1864(21)00746-X/sb152

	Heavy metal toxicity, sources, and remediation techniques for contaminated water and soil
	Introduction
	Source and distribution of arsenic in water
	Sources of arsenic
	Global scenario of arsenic contamination in water
	Chemistry and characteristics of arsenic

	Impact of arsenic on human and environmental health
	Impact of arsenic on human health
	Arsenic exposure and cancer
	Non-carcinogenic effects of arsenic

	Impact of arsenic on environmental health

	Techniques for removing arsenic from contaminated water and soil
	Arsenic removal techniques from wastewater
	Adsorption
	Nanotechnology
	Bio-adsorbent
	Coagulation/precipitation
	Chemical precipitation
	Ion exchange
	Membrane
	Oxidation

	Arsenic removal techniques from contaminated soil
	Bioremediation
	Washing methods
	Chemical treatment
	Electrical mechanism
	Physical treatment


	Challenges in removing arsenic from wastewater and contaminated soil
	Future perspectives
	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


