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Abstract: Water contaminated with arsenic is a worldwide problem. This review presents the
arsenic contamination in groundwater, its sources, and possible health risk to humans. Groundwater
pollution is the most common route of inorganic arsenic exposure in humans. Arsenic concentrations
in different countries were analyzed and projected on a map. Because arsenic is widely spread
throughout the Earth’s crust, it is present in trace amounts in practically all waterways. Harmful
levels of this toxin have been identified in drinking water in some regions. For drinking purposes, the
majority of people use groundwater; excess arsenic levels in groundwater have been linked to a variety
of negative health impacts on people. Arsenic exposure is the world’s leading environmental cause
of cancer. The main aim of this review is to summarize the effective technologies to remove arsenic
from drinking water, such as ion exchange, coagulation/flocculation, and membrane technologies
like ultra-filtration and electrodialysis, helping to deal with the adverse effects caused by arsenic
exposure. All these technologies present different advantages and disadvantages. Electrocoagulation,
adsorption, and phytoremediation are the most efficient and cost-effective technologies. The removal
efficiencies of arsenic using these technologies and prospects were also included.

Keywords: arsenic; removal technologies; toxicity; health consequences

1. Introduction

Water is a critical resource for human life, and the issue of water security directly
impacts society and residents” quality of life [1-4]. The rising population, industrial
development, and modern lifestyles have increased the use of water [5-7]. Chemicals and
microbial contamination frequently challenge water safety [8-10]. Arsenic is a metalloid
that is highly toxic and carcinogenic in nature, and it is the 20th most abundant element [11].
Arsenic exists in two forms: arsenite As(Ill) and arsenate As(V). As(Ill) is uncharged in the
reducing domain, while As(V) is a single or double charge in the oxidizing domain [12-14].
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Due to industrial developments, there is a serious increase in arsenic concentrations in water
that vary between 0.5 and 5000 ug/L [15]. Arsenic contamination of ground and drinking
water is an outcome of both natural and man-made activities [16,17] including farming
activities [11], urbanization, industrialization [18], mining [19], volcanic ash/ eruption,
weathering processes, and agricultural pesticides [3,20]. The majority of people are exposed
to arsenic through food and drinking water. Long-term arsenic poisoning occurs because
of eating food grown in arsenic-rich groundwater; this water has been revealed to be
used in the cultivation of agricultural products, vegetables, and rice that are used for
human consumption [21]. Arsenic has been found in almost all rice products; however,
the levels vary significantly [22,23]. Arsenic concentration higher than the permissible
limit has affected more than 300 million people around the world [24], causing severe
health problems in humans like cancer [25], cardiovascular diseases [26], and dermatologic,
reproductive, developmental, neurological, and respiratory effects [27].

According to the World Health Organization (WHO), the permissible limit for ar-
senic is 10 pug/L, but the review of the literature showed arsenic concentrations higher
than the permissible limit in many countries including Bangladesh [28], Iran [29], Pak-
istan [15,30], Mexico [31,32], Saudi Arabia [33], China (Yangtze River basin, Han River) [34],
Latin America [35], the USA [36], and Ethiopia [37]. Asia is at the highest risk of drink-
ing arsenic-contaminated water [38]. To reduce the treatment costs of diseases caused
by arsenic exposure, Dutch water companies aim to reduce arsenic concentration up to
<1 ug/L, a far lower level compared with the WHO’s permissible limit [39]. Groundwater
in Bangladesh contains high arsenic concentrations, far higher than the permissible limit,
which is 50 pug/L [28]. In Bam, southeastern Iran, arsenic concentration in groundwa-
ter ranges from 9.26 ug/L to 14.65 pg/L, while exposure to arsenic through ingestion is
causing more diseases than the dermal route [29]. According to [31], 45% of the water
samples in five zones of the metropolitan area of San Luis Potosi, Mexico showed an
arsenic concentration above the WHO guidelines. A study carried out by [32] in which
44 groundwater samples were taken from two areas of the northeastern part of the province
of La Pampa, Argentina showed arsenic concentrations ranging from 5.9 to 535.1 pug/L and
from 17.5 to 248.4 ug/L for both sites. Figure 1 shows 13 regions that are contaminated
with groundwater arsenic. Arsenic concentrations were projected on a map in the range of
<10 pg/1,10-50 pg/l1, and >50 ug/l. Arsenic concentrations in different countries and their
sources are presented in Table 1.
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Figure 1. World map illustrating regions with documented high arsenic levels in groundwater [40].
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Table 1. Documented groundwater arsenic concentration in different countries.

Sr. No. Country Area Source Concentration (ug/L) Reference
1 Pakistan Rahim Yzlgrulfugin district, Water 107.23 [30]
2 Pakistan Punjab Groundwater 655 [41]
3 Mexico San Luis Potosi Water 16.2 [31]

Northeastern La Pampa
. province, in the
4 Argentina Chaco-Pampean plain, Water 270.3 [32]
Argentina.
5 Sri Lanka Mannar Island, Groundwater 34 42
6 Ethiopia Southwestern Ethiopia surface water 184.5 43
7 China North of Ningxia Water 6 44
8 China Changsha groundwater 275 45
. . roundwater,
9 Latin America All Latin Amerlcan sugface water, soil 2283 [35]
countries :
and sediments
10 Taiwan Taiwan Drinking water 97.56 [46]
11 USA USA Water 150 36
12 India India Water 65.1178 47
13 Qatar Qatar Groundwater 15.5 48
14 Iran Iran Water 500 12
15 Mexico Durango Water 7.35 47

In recent years, the number of publications on arsenic water treatment has shown
a significant increase, as shown in Figure 2. This study is evidence that the treatment of
arsenic-contaminated groundwater is of major importance because it is the major source
of drinking water for many countries. For this purpose, different treatment technologies
are used to combat polluted water. These technologies include electrocoagulation [12],
magnetic biochar [47], oxidation, ion exchange, membrane filtration, coagulation and
electrocoagulation, lime softening, capacitive deionization (CDI), adsorption [46], stabiliza-
tion/encapsulation [47], phytoremediation [49], and bioremediation [50]. The review also
outlines the future perspectives related to arsenic-contaminated water treatment.
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Figure 2. Number of articles published in recent years, Source: Scopus “Arsenic in water” as on

1 July 2021.
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2. Toxicity of Arsenic and Its Health Effects

Studies show that arsenic has several health effects on human health, which might
be acute or chronic, as shown in Figure 3 [33,51]. Different diseases caused by arsenic
exposure that are documented in the literature are presented in Table 2. Arsenic can
cause cancerogenic and non-cancerogenic effects. WHO announced arsenic as a Class-1
carcinogen [12]. Severe and toxic health effects caused by arsenic are mostly due to water
contamination because every human consumes water without understanding its safety
and uses it for various purposes [15,52]. A significant percentage of arsenic, over the WHO
guideline, is present in the drinking water used by millions of people worldwide [47].
People in Southeast Asia are most adversely affected by exposure to arsenic [30]. The
cancer rate is higher in areas where rice consumption is higher because it contains inorganic
arsenic, and millions of people are affected by inorganic arsenic exposure [53,54]. Arsenic
can cause cancer when consumed in high doses, but this does not imply that it is harmless
when consumed in low doses; prolonged exposure to arsenic can result in a variety of health
issues [47]. Arsenic ingestion comes from a variety of sources, including food chains, skin
contact, and inhalation, in addition to water. If taken orally, arsenic is extremely deadly [38].
Arsenic in chronic form causes keratosis [30]. Long-term exposure to arsenic can result
in neurological issues, cardiovascular ailments, cancer, and skin blemishes [45,55]. High
diabetes rates in Pakistan are also linked to arsenic consumption [15]. The initial chronic
effect of arsenic is on the skin including hyperkeratosis and hypo- and hyperpigmentation.
Changes in the skin are known as arsenicosis or arseniasis [36]. Arsenic intake by food can
cause cancer, nerve damage, kidney damage, eventually failure, diabetes, and hepatic and
renal syndromes [51]. A study shows that if a mother is taking As from whatever the source
is, the impact must also be on the infant, and not only this, different types of problems can
occur during pregnancy such as low birth weight, stillbirths, infant mortality, and infant
infectious morbidity [56]. According to a study, exposure to arsenic does not yet clearly
cause breast cancer, but when combined with Cd, it acts to do so [57]. Arsenic pollution
mainly occurs in rural areas of poor nations. No particular techniques exist in rural areas to
purify tainted water [58].
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Figure 3. Health effects of arsenic contamination [59].
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Table 2. Common diseases caused by exposure to arsenic.

Diseases References
Cancer, numbness, darkening of skin, and abdominal pain. [33]
Chronic exposure [34]
Respiratory problems, skin lesions, muscle cramps, and skin irritation [15]
Leucomelanosis, spotted melanosis, diffuse melanosis, palmoplantar keratosis, spotted keratosis on the sole, [38]
and suspected Bowens

Chronic bronchitis, emphysema, pleural adhesions, pneumoconiosis, cardiovascular diseases, respiratory [60]
problems, and nervous system disorders

Cancer [36]
Dermal and nervous system toxicity effects, spasms, and cramps [61]
Carcinogenic and non-carcinogenic [62]
Mortality risk for cancers, cardiovascular diseases, and developmental disorders [26]
Carcinogenic risks, such as the malignant transformation of cells, non-carcinogenic risk [18]
Lung cancer, cirrhosis, and myocardial infection. [63]
Cancer, liver infection [47]
Lung cancer, male infertility, skin disorders, and various cardiovascular diseases [15]

3. Arsenic Removal Technologies

The technologies for purifying water that has been contaminated with arsenic are the
main subject of this study. The different known arsenic removal techniques are discussed
in this review paper (Figure 4), including ion exchange, coagulation/flocculation, phytore-
mediation, oxidation, adsorption, bioremediation, and membrane techniques including
electrodialysis and ultra-filtration.

Membrane techniques Coagulation/Flocculation

ARSENIC REMOVAL

Bioremediation Oxidation

TECHNLOGIES

Ion exchange
Phytoremediation
Adsorption

Figure 4. Various arsenic removal technologies.

3.1. Ion-Exchange

Ion exchange is a method in which the same signs are swapped reversibly between
solid and liquid in a highly insoluble solution. Ion exchange chromatography is an ion
exchange technique that is popular because of its high capacity and resolving power. The
ion exchange method is used for water purification (especially converting hard water into
soft water) and also for other purifications. It can detect inorganic salts. Cationic exchangers
and ionic exchangers are two types of ion exchangers. Two techniques are used for ion
exchange: a batch method and a column method [64].

For ages, the ion exchange method has been used to purify water from arsenic. The
ion exchange method works for arsenic with few total dissolved solids (TDS) and little
sulfate. For the arsenic ion exchange method, effectiveness is increased by different factors
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such as TDS and competing ions [58]. The study explains the tailored anion exchanger
used to decrease the As concentration. Simulated ion exchange resins are effective for
As(V) adsorption. Chloride ions are easily exchanged with As(IIl) or As (V). In water, the
arsenic concentration, competing ions, and ion exchange resins are important elements for
arsenic [37]. Graphene oxide and composites of graphite oxide iron-modified clinoptilo-
lite are good composites used for arsenic removal using the ion exchange or adsorption
method [65]. A study defines its goal to remove As(V) from a solution by using hybrid ion
exchange/electrodialysis. Some other technologies can be used for arsenic removal, such
as nanofiltration or reverse osmosis, but these have some drawbacks like regenerate ion
exchange or membrane cleaning, so here, ion-exchange electrodialysis is more convenient,
which overcomes the drawbacks of other technologies [66]. In the ion-exchange method, no
pH acclimations are needed and do not rely on influent concentration. In the ion-exchange
method, the removal of As(III) is low, and some precipitates block the process [67].

3.2. Coagulation/Flocculation

Arsenic contamination water is treated using coagulation, which is then followed
by the neutralization and filtration processes. Various arsenic species are transformed
into flocs for further filtration using various coagulants. The coagulation process is also
preferable because of its simplicity and removal efficiency [52]. This process is applicable
on small scales and large scales, but pH adjustments are obligatory [67]. A study briefly
describes ferric coagulation. If the dosage of coagulant increases, there is more removal of
arsenic [68]. Sludge is produced during the coagulation process; however, this process can
remove very high amounts of arsenic concentrations [69].

According to studies, choosing a certain type of arsenic removal procedure is primarily
influenced by the nature of the water. Numerous modifications to coagulation were being
made, such as electrocoagulation as a substitute for aqueous arsenic removal [37]. Coagulation
techniques, particularly electrocoagulation processes, are used to treat the various health prob-
lems brought on by consuming arsenic-contaminated water [70]. Although electrocoagulation
has been used to cleanse water for human consumption, its use is not widespread because
of the need for energy. Solids are easily removed; however, they cannot be disposed of
directly because of the arsenic residue produced. The process of coagulation is economically
viable [37]. Iron and aluminum are popular electrode materials for the electrocoagulation
process. For the removal of arsenic from water, the researchers employed iron anodes rather
than aluminum anodes. More than 27 researchers utilized iron or stainless-steel anodes to
electrolytically generate iron hydroxides, whereas more than 15 employed aluminum anodes
to electrolytically generate aluminum hydroxides. The major reasons for this electrode pref-
erence are its inexpensive cost, convenient availability, and improved efficiency [71,72]. The
electrocoagulation method is capable of converting arsenite to arsenate, which is essential
for the effective removal of aresenite. The efficacy of aluminum and iron for the removal
of arsenite from an aqueous medium was investigated, and equal removal efficiencies were
reported for both electrodes for arsenite concentrations ranging from 75 ppm to 500 ppm.
Aluminum, on the other hand, has a lower effectiveness for arsenic removal than iron. The
removal efficiency of the coagulation—flocculation technique is shown in Table 3.

Table 3. The removal efficiency of coagulation—flocculation technique.

Treatment C Initial Initial pH Final pH Time (min) Removal Efficiency References
oncentration
Electrocoagulation 0.042 mg/L 3 6.47 15 >97% [69]
Coagulation flocculation - - 6 3-15 77% [63]
Coagulation 2mg/L 6 8 3-30 69.25% [73]
Iron electrode as anode
and stainless steel 0.05 mg/L 6.5 8.5 80% [71]

as cathode
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3.3. Phytoremediation

Phytoremediation is a cost-effective biological technique that can easily safeguard
human health and the environment from the poisonous effects caused by arsenic [49]. It is
a procedure in which plants accumulate pollutants from the soil.

Plants used for remediation and their accumulation of arsenic are mentioned in Table 4.
Different species of plants have been found to be remediation options for removing heavy
metals from the soil. Lemna minor, also called common duckweed [74,75], also presented
70% removal efficiency of L minor in 15 days. The removal efficiency of Colocasia esculenta
L. Schott increases from 30 to 90 days and decreases after 122 days [76]. Plant species Pistia
stratiotes decreased with an increase in initial concentration when exposed to different
arsenic concentrations and showed high removal efficiency at a low concentration, that
is, 10 ug/L [77]. Among other plants, Pteris vittata L. can endure high arsenic concentra-
tions [78] up to 5000 mg/kg; it is a genetically engineered plant having high potential for
phytoremediation of arsenic-polluted soil, but its geographic and environmental dispersion
restricts the scope of its application because its natural growth is in warm climate [79].

Table 4. Arsenic accumulation by different plant species.

Sr. No. Plant As Bioaccumulation (mg/kg) Reference
1 Lemna Valdiviana 1190 [80]
2 Pteridium Aquilinum 622 [81]
3 Lasimorpha Senegalesis 314 [81]
4 Sacciolepis Cymbiandra 264 [81]
5 Brake fern (Pteris vittata L.) (7215-11,110) [82]
6 Helianthus annuus L 0.002-2.55 [83]
7 Salix atrocinerea 2400 (roots), 25 (leaves) [13]

To determine the phytoremediation capability of Pistia stratiotes L. to accumulate
arsenite [60], an experiment was conducted with different factors in which, among four
treatments, 10 uM As(Ill) showed a high accumulation of arsenite from the medium. A
study conducted by Moreira, V., et al., to remove arsenic from the aqueous media under
controlled conditions in which plant species Lemna Valdiviana showed arsenic reduction
up to 82%, accumulating 1190 mg/kg of As from water [61]. Plant samples were collected
from different areas of Enugu State, southeastern Nigeria. Arsenic in leaves, roots, and
soil is monitored separately. The phytoaccumulation capacity of plants was measured by
different factors (bioconcentration, translocation, and accumulation). Pteridium Aquilinum
with 622.0 mg kg~ accumulation capacity is the most efficient plant species for the phy-
toremediation of arsenic from water, followed by Lasimorpha Senegalesis and Sacciolepis
Cymbiandra [62]. Phytoremediation studies were led to assess the arsenic take-up capa-
bility of Salix atrocinerea in 30 days, in which plant roots showed higher intake of arsenic
than leaves [63].

3.4. Oxidation

The arsenite As(IIl) form of arsenic is highly versatile and needs conversion into
a less mobile form, As(V), because most of the treatment procedures viably eliminate
just As(V); that is why pre-oxidation of As(III) to As(V) is needed and, for this purpose,
different oxidation processes like Fenton’s reagent, hypochlorite, and permanganate [13]
and oxidizing agents like ozone, chlorine, bleaching powder, and hydrogen peroxide [13]
are used.

Manganese-oxidizing aerobic granular sludge (Mn-AGS) is very effective in removing
arsenic from organic wastewater, especially with the addition of Fe (II) attributed to the
Fenton reactions [13]. pH dependence appears to be cons of Fenton reaction. Depending
on the circumstances, As(III) removal from contaminated water can be effectively remedied
using the CuFe; Oy reaction with peroxymonosulfate [84]. Commercial activated carbon
has been showed promising results toward As(IlI) oxidation under different parameters
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including residence time, pH, dissolved oxygen, and initial As(II) concentration [85].
Photocatalytic oxidation is an efficient method because of its low cost [86]. Comparing the
present study of photocatalytic oxidation with the previous studies to access its benefits,
this study showed improved photocatalytic performance compared with different reports
in view of comparative materials. Reference [87] studied the self-floating copper loading
catalyst as an oxidizer of As(Ill) that can be used for the treatment of arsenic-contaminated
water. Reference [88] reported that different lead extracts like eucalyptus (Eucalyptus
globulus), mango (Mangifera indica), jamun (Syzygium cumini), and guava (Psidium guajava)
also play an important role in arsenic oxidation. Zero-valent iron nanoparticles obtained
from these leaf extracts are used as oxidants. Results showed 70% arsenic (IIT) oxidation
at a period of 10 min and, among all the leaf extracts, guava leaves were able to oxidize
arsenic at all pH values (3,7, and 9).

3.5. Adsorption

Adsorption widely relies upon the porosity and movement of the adsorbent in dispos-
ing of or bringing down the grouping of a wide scope of toxins (natural, inorganic, and
organic) from the arrangement [89]. Adsorption is an ex situ technique used to remove
heavy metals, e.g., arsenic [90]. The different adsorbents used for the removal of As(Ill) and
As (IV) include ferric hydroxide and activated alumina (SFAA) [91], chitosan—magnetic
graphene oxide (CMGO) nanocomposite [92], magnetic gelatin-modified biochar [93], iron-
modified activated carbons [94], iron-ore sludge [95], and magnetite nanoparticles [96].

By electrochemical adsorption with birnessite, Liu, L., et al. demonstrated a decrease
in total arsenic (As T) and As(III) from 3808.7 to 73.7 ug/L and 682.8 to 21.4 ug/L, respec-
tively [97]. With an adsorption capacity of 166.94 mg/g via a Langmuir isotherm model,
Mn-doped MgAI-LDHs is the effective absorbent for removing As(V) from the aqueous
medium [98]. Xu, F,, et al. indicated that starch-stabilized ferromanganese binary oxide
(starch-FMBO) generated with Fe/Mn at a 1:2 ratio has a greater adsorption influence
on As (III), demonstrating substantial adsorption capacity [99]. Some binary oxides are
widely employed for arsenic removal because they are affordable and environmentally
friendly of their ecofriendly nature and cost-effectiveness [100]. Arsenic removal from
water is greatly improved by microbial conversion of arsenite in combination with various
adsorption approaches [101]. The combination of two techniques, adsorption (ADS) and
dielectrophoresis (DEP) appear to be cost-effective and efficient; the adsorbent fly ash
showed high adsorption capacity removing 91.4% As(V) from industrial wastewater [102].
Langmuir and Freundlich’s experiments were performed to evaluate As(Ill) and As(V)
removal efficiencies by Fe-FeS2 prepared with mechanical ball milling at a pH ranging
from 3-10 [103,104], and used Fe/olivine composite for arsenic removal that showed great
adsorption capacity at a minimal expense. Another adsorbent, iron-coated S. Muticum, can
be used as an alternative treatment for the expulsion of arsenic that also has an ecological
benefit over other techniques [19].

Many studies demonstrated that adsorption is a beneficial technique for the treatment
of contaminated water [105]. During adsorption, As(IIl) oxidizes to As(V) to improve
removal efficiency as As(IlI) is not easy to remove [106]. Ferric salts and iron oxides are most
convenient when they are used to purify water from As contamination [105,106]. Iron oxide
is cost effective and has a higher charismatic character. Initially, adsorption performance
is low but activated carbon enhances its effectiveness. After the result, activated carbon
can be removed with the help of a magnetic process [107]. Activated carbon is a venerable
adsorbent. There are several types of adsorptions; some can regenerate after use and become
impregnated [108]. It is expected in the next 10 years that some advanced adsorbents will
be made that will be very effective to clean the environment [108].

Adsorption is a worthy technique that can be used at home. It is an effective technique
and increases the quality of things after removing contamination [90]. This process can be
processed with the water having multiple pollutants and there is less waste production
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at the end of processing [107]. This technique gets attention because of its low cost, ease,
simplicity of operation, and high efficiency standard [109].

Many adsorbents are neither practically nor financially viable for usage in underde-
veloped nations. As a result, locally accessible natural adsorptive materials may provide
viable and affordable alternatives for removing As pollution in low-income nations. These
organic substances include hydroxylapatite and struvite, zeolites, clays, rocks, soils, and
sorbents [0]. Only the right pH is suitable for this technique. Sometimes the performance
is affected by the minerals or nutrients in the water and soil [90]. Due to its weight, un-
structured nature, and flocculant properties, the iron-based adsorbent is relatively limited
in removing arsenic [107]. Sometimes there is no revival of adsorbents, which become
secondary pollutants [108].

Adsorption kinetics and adsorption isotherm models are different adsorption models
used for the efficient removal of arsenic from groundwater, as shown in Table 5.

Table 5. Different adsorbents used for arsenic remediation.

Applied Models Maximum Removal
Sr No. Adsorbent pH Adsorption Adsorption Isotherm Adsorption Efficiency Reference
Kinetics Models Models Capacity (mg/g)
Pseudo first-order,
1 %‘Xfl‘ﬁ%ﬁ 7 Pseudo Langmuir, Freundlich 166.94 85% [98]
gAl- 5 second-order
Pseudo first-order,
2 starch-FMBO 2 Pseudo Langmuir, Freundlich 161.29 90% [99]
second-order
. . As(V) 98.483 75.7%
3 Fe-FeS; 3-10 Langmuir, Freundlich As((HI)) 58341 84.06% [103]
CMGO Pseuc}jo firzt—order,
4 nanocompos- 7.3 sedu Od Langmuir, Freundlich 45 89% [92]
ites second-order,
Intra-particle
Pseudo first-order,
5 MG-CSB 2-11 Pseudo Langmuir, Freundlich 45.8 90% [93]
second-order
. s Pseudo first-order,
iron-modified Pseudo
6 activated 7 second-order. Langmuir, Freundlich 49mg 86% [94]
carbons Weber-Morris
Pseudo first-order,
Pseudo . .
7 Fe/olivine } second-order, L,argrgnmlljil;’ lgil};riﬁﬁzh' As(IIIT 2.83 86% [104]
composite second-order, pxin, As(V)T 5.25 91%
intraparticle Radushkevich (D-R)
diffusion
8 Iron-coated 7 Langmuir, Freundlich As(III) 4.2 88% [19]
seaweeds As (V)73 90%
Ferric . . As(IIT) 1.4 86% ;
9 hydroxide 79 Langmuir, Freundlich As (V)21 91% [110]
Activated . 111
10 wctivate 2.8-115 Langmuir As (V) 2.1 98% (1]

3.6. Bioremediation

Arsenic is hazardous to health—not only to human health, but it is also dangerous
for marine life when it is present in water [112]. Now it extends around the globe, so
bioremediation is a technique used to remove arsenic [50]. Bioremediation is a helpful
technique to remove arsenic from water, soil, and mine tailings [113,114]. Bioremediation
is of two types, in situ and ex situ, which are further classified, too [115]. Though we had
some old technologies to remove arsenic, they consume a lot of money and are complicated.
The use of microorganisms is a little tricky but removes the As contamination more in a
less expensive way [116]. Some bioremediation techniques used for As removal are Prangos
ferulacea (Pf) and Teucrium polium [117], microbial fuel cells [50], field-pilot bioreactor [114],
biogenic pyrite [113], etc. In some bioremediation processes, arsenic mobility increases so it
can be removed easily [113]. As removal capability also depends upon its bonding with
other metals, which makes its removal easy or tough in the bioremediation process [114].
Studies show that different elements are present with arsenic, so the removal of all, includ-
ing arsenic microorganisms, is used. Sometimes for As, the tolerance level is unpredictable,
and bacterial activity is done on it, which then clarifies its tolerance concentration. Arsenic-
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resistant bacteria are used for arsenic removal from soil because the soil contaminates food.
A study had been done for the removal of As in which for 193.7 nm As the line is segregated
for processing so, after all, the processing result shows that greater than 90% As(III) and
As(V) had been removed [118].

Bioremediation techniques are inexpensive and eco-friendly [113,119]. The study
illustrates that there are two stages for arsenic removal: arsenite is oxidized to arsenate and,
in the second step, arsenate is removed successively and the bioremediation technique holds
this two-step processing [117]. Microbes used in bioremediation have high forbearance and
defiance powers toward metal and metalloids like arsenic. Microbial activity helps convert
heavy metals’ insolubility to solubility [115]. The mobility of arsenic can be controlled by
the bioremediation technique [120]. One more advantage of this technique is the use of
natural processes for cleaning the environment [121]. The removal of arsenic by microbial
agents is shown in Table 6.

Table 6. Microbial agents used for arsenic removal.

. . As .

Technology Microorganism Removal Time (Days)  Reference
Bioremediation Brevibacillus sp. KUMAs1 55% 4 [120]
Bioremediation Sporosarcina ginsengisoli CR5 99% 10 [120]
Bioremediation Scenedesmus obliquus with the ~80% 10 [122]

combination of Shewanella sp.

There are some drawbacks to the bioremediation process. Bioremediation needs some-
times aerobic and sometimes anaerobic conditions to run a process; otherwise, fluctuations
may occur. The nutrient requirement is very important in this technique. Sometimes the
process is slow and faces difficulties when it works for inorganic things. The most severe
drawback is that sometimes it converts into a more highly toxic material after processing
than the original [123]. Suitable soil, climate, and other suitable conditions are required for
good performance [90].

3.7. Membrane Technology

As the name suggests, it is a membrane structure that serves as a barrier, forcing
contamination to stop as molecules flow through it. A porous membrane serves as the
material for the barrier. Nano-filtration, micro-filtration, ultra-filtration, and electrodialysis
are the four basic forms of membrane technology [124]. Electrodialysis is a technique used
to remove salts and chemicals from water. It works when an electric current is applied to it
and ions pass through the selective membrane [125]. Nanofiltration needs pretreatment,
removes arsenic and bacteria and viruses, and makes water drinkable. It can remove
93.8% of arsenic at pH 8. With microfiltration, with the help of electrocoagulation and
micro-coagulation, As is removed at a minimum cost [13]. In ultrafiltration, pressure
is applied to the semipermeable membrane to split the contamination. Its pore size is
large [24]. In the separation technique, pressure is applied to a harmful substance to
produce a contaminant-free product [126].

The study illustrated that by modifying an adsorptive membrane, seven tons of water
can be purified to drinking level by using a 1 m? adsorptive membrane and giving a high
level of water security [127]. A study has been done that shows reverse osmosis can clean
water up to 70-90% from As(Ill) and As(V) [128]. Another study encapsulates that under
reverse osmosis and nanofiltration using their different membranes, up to 91% arsenic was
removed, which are very efficient results [129]. The study has been undertaken to determine
membrane technology’s cost- and energy-efficiency benefits. The results showed that for
20,000 residents, water costs USD 1041 per day, producing drinking water costs USD 0.52
per cubic meter, and electricity costs just 35 percent of the total cost [126]. Nanofiltration is
a well-founded technique proved by an experiment in which contaminated groundwater
was treated, decreasing its contamination level from 435 ng/L to 10 ug/L [130].
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This technology not only helps to remove arsenic but also removes the total dissolved
solids, salt, turbidity, and other unsuitable material. This method eliminates significant
waste because it has a high filtration potential [90,131]. There is no sludge production in
the membrane technique as in adsorption and chemical precipitation [132]. In addition,
less energy is used in this method [128]. The main advantage distinguishing membrane
technology from other methods is that there is no use of chemicals here [124,128]. Being
easy to scale added a plus point to the membrane technique [67].

Membrane filtration required a very good price to process, so it burdens the econ-
omy [133]. A heavy amount is required for its maintenance, not only for processing.
Substantial waste production is less but water contamination production is high. Lin-
ear scaling is not very feasible [90]. Temperature maintenance is also required [63], as is
high expenditure and utilization of electricity [67]. A high amount of water could not
filter here [124]. The defilement of the membrane can disrupt the whole process [67].
It is not preferable to change As(III) oxidation to As(V) because there is a chance of
membrane damage [124].

3.7.1. Electrodialysis

The increasing population has elevated the requirement for water resources [134]. On
the other hand, electrodialysis is a technique used to remove water contamination [135]. It
is an electrochemical process [136]. Electrodialysis is a type of membrane technology in
which anion and cation are migrated through the membrane by electric force. Initially, this
technique was not used for As removal but for salt removal [136,137]. With the help of an
electric field, ions are separated, shifted, and concentrated [138]. Electrodialysis is a very
useful technology to enhance water quality and alter salt concentration [136]. The study
was performed to remove arsenic with the help of electrodialysis, deep eutectic solvent
enhancement, by which 82% As was removed successfully [139]. A study shows that As(V)
removal is faster than As(III) under the mass transfer coefficient. It is increased in the case
of As(V) because it is negatively charged, but not for As(IlI) as it has had no charge and the
pH is not affected [140]. Another experiment has been done to show the efficiency of this
technology. The result was electrodialysis removal efficiency of 80% at pH 10 [139].

Electrodialysis is an environmentally friendly technique. Compared to reverse osmosis,
electrodialysis recovery rate is high. It can perform two things at once: it can remove salinity
and contamination from water at the same time [135]. Defilement can be reduced more
easily as compared to reverse osmosis [136]. Electrodialysis membranes are long-lasting, as
compared to nanofiltration, and easy to start and reboot [141]. This technology helps to
remove harmful secondary substances and decrease their risk to people. Moreover, they
also help to improve the economy and environment by removing organic and inorganic
contamination [142]. Its membrane can tolerate high pH and chlorine levels [141]. The
arsenic removal from water by the electrodialysis technique is tabulated in Table 7.

Table 7. Arsenic removal from water by electrodialysis technique.

Technology pH Current Time Initial As As Removal Reference
Electrodialysis 7.68 —162.3 95 min 232.08 ug/L 0.88 ug/L [134]
Electrodialysis 5-6 100 14 days 3743.2 mg/kg 63% [143]
Electrodialysis 10 - 14 days 594 mg/kg 478 mg/kg [139]

Electrodialysis has a disadvantage in that it requires a labor force. Defilement can affect
performance. Prior treatments and restoring minerals are required in this technique [135].
Another technical problem is that ED has less storage capacity. There would be chances of
energy losses and blocking [144].
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3.7.2. Ultra-Filtration

In the present era when there is an economic race everywhere, developing countries
are unable to reach water purification technologies that are expensive. Simply, they cannot
afford them, so in this case, ultrafiltration is a viable technique to remove contamina-
tion [145]. It is a low-pressure membrane technique [146]. Hydrogen peroxide is helpful to
oxidize As(Ill) into As(V) at the membrane [147]. Micellar-enhanced ultrafiltration (MEUF)
is a modification to ultrafiltration where a little decrease in the surface tension of the heavy
metal is made to improve removal efficiency [148].

A study demonstrated the reinforced conventional treatment is 96.9% successful by
ultrafiltration [149]. An experiment has shown that there is efficient arsenic removal with
the help of ultrafiltration in collaboration with cetylpyridinium chloride, by which 91% and
84% of contaminated water were obtained [150]. The study elaborated that a negatively
charged membrane efficiently removes particles at neutral pH. It has been studied that there
is more arsenic removal caused by the increase in UF membrane by increasing negative
charge and increasing pH [24]. The arsenic removal from water by the ultrafiltration
technique is tabulated in Table 8.

Table 8. Arsenic removal from water by ultrafiltration technique.

As CPC (Cetylpyridinium

Technology Membrane pH Removal Chloride) Reference
Micellar-enhanced PAN membrane used with NO3 ™~ As(V)- .
ultrafiltration under optimal condition 78 90% Concentration 5 mM [151]
Micellar-enhanced . As— - o
ultrafiltration Membrane thickness 150 um 7 100% CPC efficiency 91.7% [151]
Micellar-enhanced . As(V)- .
ultrafiltration Membrane material PES 8 100% Concentration 10 mM [152]

Ultrafiltration membrane technology helps to increase the validity and solidity of
the process. In this process, unwanted contaminants are removed and color and turbidity
are improved, bringing the water to drinking level. Even then, if its membrane life-
span is short, it is feasible because of its suitable price [149]. This technique helps to
decrease the fouling potential [153]. The flux rate is high and requires less energy, and is
economically feasible [13].

Some enhancements are required in ultrafiltration because, alone, it will not give an
effective result. Modifications are required to increase its rejection rate. The modification
can be on the membrane or the whole system. The large pore size of ultrafiltration affects
the purity and helps small particles pass out [154]. Some essential ions like Ca and Mg are
not filtered here [13].

4. Future Prospects

Arsenic concentration in groundwater is mostly higher in developing countries. Back-
ward places, such as those in India, Bangladesh, West Africa, Nepal, etc., have more
vulnerable populations and greater rates of arsenic exposure [38]. Apart from the higher
contamination risk rate, the poor economy does not support coping with this problem
easily and day by day people are getting severely affected [155]. So, these problems are
demanding some techniques for arsenic removal that are easy to use and handle. Aware-
ness programs with some financial aid are also required. Acid mine drainage is helpful to
remove contamination from mine wastewater. It is a biological method that uses potato
peels and compost batches and helps to remove 73-87% of the arsenic. This percentage took
14 days to complete. Biological methods are easy to use in developing countries and very
reliable for developed countries. Arsenic removal efficiency is better, up to 99%, if there is
less concentration of heavy metals at low sulfide concentration. This reactor worked for
approximately 500 days [156].
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The management of arsenic toxicity is extremely important (Figure 5), which includes
proper separation of sewerage water and groundwater, effectively saving drinkable water.
Sometimes mine or tillage raw materials get into contact with safe water, causing them
to produce impurities in water. The separate system to dump the trash or the remainder
will be helpful to get rid of contamination and save many lives. These practices help
to save the economy, labor force, and advanced working technology. The current study
suggests conducting future investigations considering a larger scale to recommend efficient
management strategies, urbanization planning, and ensuring safe irrigation and drinking
water to prevent groundwater pollution.

Arsenic toxicity management

|‘ O Prevention i
¥ Arsenic-free drinking water
v Arsenic-free food

| v Completely avoiding arsenic
| eXposure
|

| [ Mitigation
¥" Long-term sustainable arsenic
remediation policies

¥" Arsenic separation from
cﬂntaminated SOUNCes
¥ Alternative sources of water

[ Treatment/amelioration

v" Proper nutrition

v" Antioxidant enriched food, |
vitamins, proteins, micronutrients

¥ Nano-drug delivery, combining both
l antioxidant and chelation therapy

Figure 5. Arsenic toxicity management.

In the case of soil, agricultural land is also getting highly affected. Acid mine drainage
sludge (AMDS), cement, and sand fly ash or Ca(OH), are some agents that are useful for
the removal of contamination; their efficiency is stated as greater than 80%, which is a
valuable amount [157]. The most favorable technique that is available for less-developed
countries is bioremediation. It is easy to use and easy to apply. Biotic components were
easily available compared to the chemicals that are not easily available and not affordable.
The microorganisms that are used for removing contamination can be native or can be
implanted from some outsourcing [121]. Bioremediation can accumulate approximately
98-99% of the arsenic contamination, which is a valuable quantity and useful for those who
cannot easily afford any expensive technology and labor effort [120].
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5. Conclusions

Water tainted with arsenic is a concern on a global scale. The WHO’s 10 pg/1 standard
for arsenic are exceeded by millions of people all over the world who are exposed to
excessive concentrations of the toxin. It is particularly harmful in its inorganic form, both
in the food chain and the environment. The “air we breathe, the water we drink, and
the food we eat” all contain small amounts of arsenic. Another way to be exposed to
arsenic is through man-made items. Most arsenic compounds have no taste or smell and
are quickly dissolved in water, which make them a serious health risk. If the issue is
not effectively addressed, it will have negative effects on both human and environmental
systems. Different organs can develop cancer when arsenic levels are high, but this does
not suggest that exposure to low arsenic concentrations is safe for human health. A lot of
research has been done on the toxic effect of arsenic and its remedial technologies. The
present review tried to summarize the different treatment technologies used for arsenic
contamination. Membrane technologies are widely used for arsenic treatment. Although
it is a simple and efficient technique, it cannot be used for small and medium industries
because of its high operation costs, high energy requirements, and maintenance costs.
Electrocoagulation, adsorption, and phytoremediation are effective treatment technologies
for arsenic removal from water. The adsorption technique presents high performance, easy
operation, and cost effectiveness. Oxidation also plays an important role in the conversion
of As (III) to As (IV), which is helpful because most technologies effectively remove As(V).
The phytoremediation process is in its research stage; this technique has low installation
and maintenance costs, and it is environmentally feasible because it helps to clean the soil
from arsenic contamination.

Any technology can be considered cost effective if it is environmentally friendly and
fulfills the needs of both developed and underdeveloped countries. Future research should
focus on the technologies that are economically viable and provide solutions that are also
sustainable in terms of the environment.
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