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Abstract The paper analyzed the usage and efficiency of different types (zero-
valent iron, oxides, hydroxides, oxyhydroxides, composites, etc.) of nanostructured
adsorbents for arsenic compounds’ removal. Increasing of arsenic content in natural
waters due to changes of groundwater level and mining activities is the signifi-
cant problem of drinking water treatment. Arsenic is one of the most dangerous
elements in world. According to European Commission, the maximum allowable
level of arsenic in drinking water is 10 pg/l. High arsenic concentration in natural
water is typical for India, China, Bangladesh, Taiwan, Vietnam, Hungary, the USA,
Mexico, Chile, Argentina, Ghana, Iran, etc. Chronic arsenic exposure provokes a lot
of different health problems, including cancer of skin and internal organs, endocrine
disorders, hyperkeratosis, melanosis, etc. It was noted that inorganic sorption mate-
rials, especially iron-based adsorbents, are effective in removal arsenic compounds
from polluted water and in immobilization from contaminated soils and sediments.
In the paper, various compositions and applications of nanostructured adsorbents are
observed.
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1 General

1.1 Introduction

Arsenic compounds are often considered pollutants in environmental science due to
significant toxicity and inability for natural degradation [1]. There are a lot of contam-
ination sources and pathways, including such natural and anthropogenic processes as
leaching from arsenic minerals, volcanic activity, mining, coal burning, infiltration
from industrial wastes, etc. [2—4]. Mining activity and sedimentary formations are
two of the main arsenic sources in Europe, Asia, the USA, and Africa (Fig. 1).

Arsenic compounds pollute air, soils, and water and eventually cause significant
environmental problems and health risks. Arsenic pollution of soils often leads to
obtaining of contaminated food products, including rice and other agricultural crops.
Arsenic concentrations in rice grain are very significant in a lot of cases: 0.4 mg/kg
in Kazakhstan, 0.53 mg/kg in Bolivia, 0.58 mg/kg in Bangladesh, and 0.87 mg/kg in
Iran [5].
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Fig. 1 Characterization of main arsenic sources [2]
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Fig. 2 Arsenic affected countries [2]

Leaching from minerals and infiltration from industrial wastes, especially after
mining, are among the main ways of natural water pollution and aquatic organism’s
contamination. Seafood often contains significant arsenic (about 10-100 mg/kg dry
weight) [6]. Such processes as changes of groundwater level and acidic rains inten-
sify arsenic leaching. Increasing of arsenic content in natural waters due to these
processes is the significant problem of drinking water treatment. Arsenic is one of
the most dangerous elements in world. According to European Commission and
recommendations of World Health Organization, the maximum allowable level of
arsenic in drinking water is 10 pg/l. High arsenic concentration in natural water is
typical for India, China, Bangladesh, Taiwan, Vietnam, Hungary, the USA, Mexico,
Chile, Argentina, France, Portugal, Ghana, Iran, etc. [3, 7]. Millions people are
affected by arsenic exposure: 2.4 millions in Cambodia (1610 g As/l), 13 millions
in Pakistan (2620 g As/l), 19.6 millions in China (2000 pg As/l), 50 millions in
India (3880 pg As/l), 85 millions in Bangladesh (4730 pg As/l) etc. (Fig. 2).

Chronic arsenic exposure provokes a lot of different health problems, including
cancer of skin and internal organs, endocrine disorders, hyperkeratosis, melanosis,
genotoxic and cytotoxic effects, etc. [§—10]. Oral arsenic exposure is significantly
dangerous than dermal and causes more negative health effects [11]. In addition to
the path of entry, people age is also very important. In consonance with work [11],
in Jinghui irrigation district (China), where the main source of arsenic is industrial
wastewater, the carcinogenic risk for adults is higher than for children, but the non-
carcinogenic risk for children is higher. Thereby, prevention of oral arsenic exposure
is very necessary. That is why itis very important to treat polluted water and remediate
soils.

Nowadays, there are a lot of treatment methods, especially dosing of different
chemicals, creation of biological systems, etc., but usage of sorption materials, espe-
cially nanostructured, is one of the most popular approaches both in water treatment
and soil remediation due to small particle size, high surface area, and significant
adsorption efficiency [1, 12, 13].
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Fig. 3 Types of adsorbents
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1.2 Types of Adsorbents for Arsenic Removal

Presently nanosized structures have a significant impact on technological advance-
ments in different fields, especially environmental applications [14]. There are a lot
of diverse types of nanostructured adsorbents for arsenic removal, including various
oxides, hydroxides, composites, and nanoparticles on a carrier (Fig. 3).

Nanostructured adsorbents often are one-component: iron oxides, iron hydrox-
ides, iron oxyhydroxides, zero-valent iron, titanium oxides, calcium titanate, copper
oxides, zinc oxides, zirconium oxides, aluminum oxides, carbon nanotubes, zeolites,
etc. [15-21]. But multicomponent adsorbents often are more effective than one-
component due to combining benefits of different materials. There are a lot of both
environmental and economic effective adsorbents for arsenic removal, but main part
of them contains iron or its compounds due to low-cost and significant efficiency in
arsenic immobilization [12, 19].

2 Usage and Perspectives of Nanostructured Adsorbents
for Arsenic Compounds’ Removal

2.1 Application and Perspectives of Iron-Based
Nanostructured Adsorbents for Arsenic Compounds’
Removal

Iron-based adsorbents can be one-component and multicomponent, which contain
metal nanoparticles, oxides, oxyhydroxides, ferrites, etc.
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Fig. 4 Structure of ZVI nanoparticles and mechanisms of arsenic pollutants removal [23]

Zero-valent iron nanoparticles (nZVIs) and their composites have extremely wide
usage for ecological purposes, including removal from water organic and inor-
ganic arsenic compounds, soil and sediments remediation and treatment of arsenic-
contaminated water in wells [17]. There are two methods to obtain treated water
from polluted wells: the first one is an injection of nZVIs to form a reactive barrier,
the second one is an injection of mobile nZVIs to form an nZVI plume [17].

These nanoparticles have typical core—shell structure formed in an aqueous
medium due to interactions with water and dissolved oxygen [18, 22]. Zero-valent
iron is the core and reducing agent in redox reactions with arsenic compounds.
Iron oxides/hydroxides are the main components of shell [22]. Figure 4 demon-
strates shell-core structure of nanoparticle and mechanisms of arsenic compounds’
immobilization.

According to review data which are represented in [18], sizes of nZVIs increase
from 5 to 10.7 nm due to corrosion processes, what is more the thickness of the
oxide/oxyhydroxide layer is about 3.6 nm. Thus, nZVIs can effective immobilize
both As(III) and As(V) compounds due to its specific core—shell structure [18]. For
example, nZVIs can remove 102 mg As(IIl)/g or 118 mg As(V)/g [17].

But multicomponent sorption materials based on nZVIs often are more effective,
than single nZVIs. It can be modifications, including sulfide-modified nZVIs or
different combinations with other oxides, zeolites, grapheme, etc. [24—29]. Sepiolite-
supported nanoscale zero-valent iron can remove 165.86 mg As(IIl)/g from water
solution [27]. According to the work [28], adsorption capacity of zeolite-supported
sulfide nanoscale zero-valent iron is 204.36 mg As(V)/g. Cu® nano-shell-decorated
nZVlIs are significantly more effective than conventional nZVIs, and its adsorption
capacity is 453 mg As(III)/g [29].

Magnetite nanoparticles also are effective in arsenic compounds’ immobilization,
but their adsorption properties are lower than nZVIs and effective pH range is smaller
[30].

Nanostructured iron oxyhydroxide is other effective adsorbent for arsenic
compounds’ removal. It demonstrates adsorption capacity of As(III) and As(V) about
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70 mg/g [3, 19]. But iron oxyhydroxide does not have magnetic properties which
makes the separation of nanoparticles more difficult than in case nZVIs or magnetite.

Manganese ferrite nanoparticles are significantly less effective in arsenic
compounds’ removal than nZVIs, iron oxides or oxyhydroxides. Its adsorption
capacity of As(IIl) and As(V) is about 35 mg/g at pH 8 [31]. This is too small
to compete with other iron-based sorption materials.

2.2 Usage and Perspectives of Titanium-Based
Nanostructured Adsorbents for Arsenic Compounds’
Removal

Titanium (IV) oxide is the most popular titanium-based nanostructured adsorbent.
This material is both effective in removal of inorganic and organic arsenic compounds
due to its adsorption and photocatalytic properties. According to review data which
are represented in [32], hydrous TiO, with particle size 3-8 nm has surface area
of 312 m?/g and adsorption capacity of 83-96 mg As(IIl)/g; titania nanotubes with
same surface area can adsorb 60 mg As(IIT)/g or 208 mg As(V)/g.

Iron (ITI) titanium (IV) mixed binary oxide has similar efficiency as hydrous TiO,
(85 mg As(I1I)/g) [32]. This material is cheaper than pure titanium (IV) oxide, but less
efficient in photocatalytic treatment. Well-dispersed TiO, nanoparticles anchored on
Fe;O4 magnetic nanosheets have significantly smaller adsorption capacity (about
31 mg As(Ill)/g and 36 mg As(V)/g) although both components may be involved in
photocatalytic reactions [33].

Calcium titanate nanoparticles prepared by the sol-gel method are even less
efficient adsorbent. It demonstrates maximum adsorption capacity of As(IIl) about
11 mg/g [20].

Thereby, titanium (IV) oxide nanoparticles are not suitable for use to remove
inorganic arsenic compounds from polluted water or to remediate contaminated soils
and sediments due to high cost of these adsorbents, which becomes impossible to
reuse after such processes.

2.3 Usage and Perspectives of Copper-Based Nanostructured
Adsorbents for Arsenic Compounds’ Removal

Copper oxide nanoparticles can remove arsenic under a wide range of water content
without adjusting the pH and removal such competing anions as phosphate or sili-
cate [34]. But copper nanoparticles and copper oxide nanoparticles do not use as
one-component adsorbent for water treatment due to their irreversible aggregation
property and a toxicity of copper compounds.
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But these nanoparticles can be used in multicomponent sorption materials to
improve arsenic removal properties. For example, rice-husk biochar-stabilized iron
and copper oxide nanoparticles has maximum capacity of 20.32 mg As/g, but it is
significantly higher than biochar without additives (about 1 mg As/g) [35].

Copper-based nanostructured adsorbents are completely unusable for remediation
of arsenic-contaminated soils and sediments due to a toxicity of copper compounds,
which can pollute ecosystems in this case.

2.4 Applications and Perspectives of Other Different
Nanostructured Adsorbents for Arsenic Compounds’
Removal

There are a lot of other adsorbents for arsenic compounds’ removal, including
different oxides, zeolites, carbon materials, etc., but they are less usable than
iron-based.

According to work [21], y-aluminum oxide nanoparticles are completely ineffec-
tive in arsenic removal (about 0.8 mg As(II)/g and 1.0 mg As(V)/g). Magnesium
oxide nanoparticles have high arsenate adsorption capacity (98 mg/g) but do not
participate in redox reactions, which improve As(III) removal [36].

Nanoscale hierarchically porous zeolitic imidazolate framework-8 produced
in situ on ZnO nanoparticles is twice as effective in As(II) removal as the sample
without imidazolate [37]. This material has an adsorption capacity of 104.9 mg/g,
but is significantly more expensive than iron-based adsorbents and is unsuitable for
remediation of arsenic-contaminated soils and sediments due to zinc pollution of
ecosystems.

3 Conclusion

Therefore, there are extremely many various adsorbents for arsenic compounds’
immobilization and removal, but some of these adsorbents are very expensive
(titanium-based), several materials are ineffective (y-aluminium oxide and non-
modified biochars), and some adsorbents are unsuitable for wide environmental
application (copper-based and zinc-based).

Iron-based sorption materials are low-cost, high-effective in arsenic compounds’
immobilization or removal and environmental friendly. Also, zero-valent iron
nanoparticles, magnetite, and multicomponent adsorbents based on them can be
easy separated from water due to magnetic properties.

Consequently, iron-based multicomponent adsorbents are interesting for many
researchers, who are working to improve arsenic compounds’ immobilization and
removal.
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