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contamination, mobility, sources, and exposure
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Arsenic is one of the regulated hazard materials in the environment and a persistent pollutant creating

environmental, agricultural and health issues and posing a serious risk to humans. In the present review,

sources and mobility of As in various compartments of the environment (air, water, soil and sediment) around

the World are comprehensively investigated, along with measures of health hazards. Multiple atomic

spectrometric approaches have been applied for total and speciation analysis of As chemical species. The LoD

values are basically under 1 mg L−1, which is sufficient for the analysis of As or its chemical species in

environmental samples. Both natural and anthropogenic sources contributed to As in air, while fine particulate

matter tends to have higher concentrations of arsenic and results in high concentrations of As up to

a maximum of 1660 ng m−3 in urban areas. Sources for As in natural waters (as dissolved or in particulate form)

can be attributed to natural deposits, agricultural and industrial effluents, for which the maximum

concentration of 2000 mg L−1 was found in groundwater. Sources for As in soil can be the initial contents, fossil

fuel burning products, industrial effluents, pesticides, and so on, with a maximum reported concentration up to

4600 mg kg−1. Sources for As in sediments can be attributed to their reservoirs, with a maximum reported
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concentration up to 2500 mg kg−1. It is notable that some reported concentrations of As in the environment are

several times higher than permissible limits. However, many aspects of arsenic environmental chemistry including

contamination of the environment, quantification, mobility, removal and health hazards are still unclear.
Introduction

Arsenic is a toxic element (metalloid) linked with a broad variety of
neurologic, cardiovascular, dermatologic, and carcinogenic effects,
including peripheral neuropathy, diabetes, ischemic heart disease,
melanosis, keratosis, and impairment of liver function.1 Chronic
arsenic pollution is now recognized as a worldwide problem, with
21 countries experiencing arsenic contamination of the
environment.2–9 Arsenic susceptibility plays an important role in
manifestation of arsenicosis depending on methylation capacity,
variation in host genome and individual epigenetic pattern.10

Arsenic is present in the environment in various inorganic
and organic chemical forms: arsenite (As(III)), arsenate (As(V)),
monomethylarsonic acid (MMA), dimethylarsinic acid (DMA),
trimethyl arsine oxide (TMAO), arsenobetaine (AsB), etc.11 The
toxicity, mobility and solubility differ among species, in such
a way that inorganic As(III) is more toxic than As(V), and in turn,
organic As is less toxic.12,13

There are several routes of human exposure to arsenic from
both natural and anthropogenic sources.14,15 Regarding geogenic
sources, the Earth's crust is an abundant natural source of
arsenic,16with an average concentration of As ofz5mg kg−1.17 It is
present in more than 200 different minerals, the most common of
which is arsenopyrite.18 In relation to anthropogenic sources,
mining, metal smelting and burning of fossil fuels are the major
industrial processes that contribute to arsenic contamination of
air, water, and soil.19Much of the arsenic in the atmosphere comes
from high-temperature processes such as coal-red power
plants20,21 and burning vegetation, but also from volcanic activity.22

Prolonged intake of toxic iAs (inorganic arsenic) via air, water
and food cause arsenicosis. Analytical techniques for As quan-
tication at low levels in specic environmental samples are
anbei Zhu, Senior researcher,
ational Metrology Institute of
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21
required. Many methodologies for detection and quantication
of As were reported.23–26

Air is a potential source for As exposure in industrial areas
mainly due to emission with airborne particulate matter from
smelting of ores and coal combustion. The potential pathways
of arsenic exposure and their reduction were reviewed.27,28

Arsenic chemistry, and factors controlling the sorption/
desorption, mobility, uptake of As by plants and reduction of
translocation in plant tissues and release of As from sediments
into groundwater have been reviewed.29–31

The aim of the review is to provide up-to-date information on
arsenic contamination of the environment, quantication, sour-
ces, mobility and health hazards. The important scientic knowl-
edge gaps and critical areas for future research are discussed.
Results and discussion
Methodology for As quantication

Arsenic contamination of environment is an urgent global issue,
and therefore, a reliable and rapid method with good sensitivity
and selectivity, portability and robustness to detect As at trace
levels both in eld and laboratory samples in view of reduced
environmental and health risks are required. Several methods,
e.g., colorimetric, electrochemical, biological, electrophoretic,
surface sensing and spectroscopic methods, are employed for As
detection but most of them are suffering with poor sensitivity and
selectivity. Many eld kits for rapid detection of As at trace levels
are used but their reliabilities are not sufficient.32 However,
differentiation of the species of As is a quite complex analytical
task. Numerous speciation procedures have been studied that
include electrochemical, chromatographic, spectrometric and
hyphenated techniques (Table 1). It is notable that different
concentration units are used in Table 1, i.e., mg L−1, ng g−1, and ng
mL−1, such units can be treated approximately equivalent to one
another. Regardless the relatively close value to one another, the
LoD values depend on the chemical species of As even measured
by with an identical method. The LoD values are basically under 1
mg L−1, which are sufficient for the analysis of As or its chemical
species as discussed in the following text. The repeatability with
a relative standard deviation under 10% and a recovery value over
80% are sufficient for quantitative discussion.

Commonly used instrumental methods based on atomic
absorption, atomic emission and mass spectroscopy method-
ologies i.e., hydride generation atomic absorption spectrometry
(HG-AAS), inductively coupled plasma-mass spectrometry (ICP-
MS) and graphite furnace atomic absorption spectrometry (GF-
AAS) were reported for monitoring of arsenic at the 0.05 mg L−1

(50 mg L−1) MCL (maximum contaminant level). Among them,
ICP-MS is a most sensitive multielement technique with selec-
tivity depending on the version of the instrument whereas HG-
AAS and GF-AAS are single element selective technique with
relatively lower sensitivity.32,91 The ICP-MS with tandem
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram for quantification of As species in environmental samples.

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
nj

uk
am

án
nu

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
02

5-
10

-1
6 

05
:3

8:
04

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
quadrupole mass spectrometers (ICP-QQQ) is useful to over-
come isobaric interferences with reduced background and
improved selectivity. The tandem inorganic-organic mass
spectrometry, i.e., HPLC-ICP-MS + ESI-MS, is applicable to
detect unknown arsenic compounds.92 However, they need
extraction/separation of the analyte prior to analysis, depending
on nature of the arsenic species (water- or lipid-soluble) and the
matrix (biotic or abiotic), except water sample analysis.

For speciation of As in environmental samples, various
approaches i.e. liquid–liquid, liquid–solid and solid phase
extraction, sonication, pressurized liquid extraction,
microwave-assisted extraction, supercritical uid extraction,
enzymatic hydrolysis, conventional sorbent, functional nano-
materials extractant, multi-sorbent based procedure, and
derivatization of total arsenic were used.93 Methanol or aceto-
nitrile–water and methanol–chloroform or hexane are generally
employed for extraction of polar arsenic and nonpolar species. A
1 mol L−1 phosphoric acid is adequate for extraction of arsenic
species from soil and sediment samples. A preconcentration
step using freeze-drying or evaporation may be necessary to
detect low abundance of arsenic species. Enzymes, e.g. pepsin,
trypsin, pronase E, and lipase can be used to digest arsenic
associated to lipids, proteins, peptide bonds, or cell walls, to
increase extraction efficiencies.

Generally, chromatography and capillary electrophoresis are
two major techniques used for separation of As species from
complex matrices. Chromatography i.e. anion exchange, cation
exchange, reversed-phase, ion pair, and hydrophilic interaction
liquid chromatography (HILIC) are proposed for separation of
various arsenic species such as As(III), As(V), MMA, DMA, AsB,
arsenocholine (AsC), oxo-arsenosugars (oxoAsS), thio-
arsenosugars (thioAsS), phenylarsenicals; AsB, AsC, TMAO, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
tetramethylarsonium ion.94 The schematic diagram for quanti-
cation of As in environmental samples is shown in Fig. 1.
Sample collection, preservation, and pretreatment

The cleaned and sterilized FEP (uorinated ethylene propylene)
container should be used for collection of environmental
samples and refrigerated at −20 °C in a dark place to control
microbial activities. Water samples collected for As speciation
analysis are ltered in the eld using a 0.45 mm lter into
opaque polyethylene bottles.95 The sample storage duration
should be minimized to avoid change in species stability. To
prevent loss of arsenic species during sampling, samples (soil,
plant, or water) should be collected in a sealed polyethylene
bottle/bag. All samples should be stored in the freezer imme-
diately aer collection until the sample is prepared for analysis.

The preparation steps before analysis of each type of sample
differ. Soil samples are air-dried, crushed lightly and sieved
through a 2 mm sieve and used for analysis. The plant sample is
placed in an oven dryer at 40 °C to constant weight, the sample
is ground, sieved and stored in a desiccator in brown glass
bottles to avoid exposure to light and moisture until needed for
analysis. Sample preparation for solid samples usually includes
procedures such as mincing, freeze-drying, grinding, homoge-
nization, sieving followed by extraction. Aer sampling of the
fresh plant sample, it should be kept in the freezer (−80 °C) to
prevent species change. In addition, a dry and ground plant and
soil sample can be stored at −20 °C for up to one year.93

Statistical signicance of the data is determined using
analysis of variance (ANOVA) at p < 0.05 condence level. Mobile
phase concentrations and pH were optimized to get maximum
peak separation. The limit of detection (LoD) is determined
using the spike and blank based procedures. The standard
RSC Adv., 2023, 13, 8803–8821 | 8807
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Fig. 2 The different mechanism controlling the mobility of arsenic in
environmental component.
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reference materials (SRMs) and certied reference materials
(CRMs) are used to test and validate the accuracy of a method.
SRM 1640 (NIST) and various CRM samples are widely
employed to check a calibration curve for trace elements in
Table 2 Arsenic contents reported in ambient air/particulate matter (PM

Site Particulate (n) Conce

Berlin Museum, Germany Ambient air/dust (30) Max, 4
kg−1

Cornwall, UK Household dust (99) 3–1079
Los Angeles, USA PM2.5 (16) As(III)/

� 10.4
4.6) ng

Huelva, Spain PM10 As(V)/A
7.8) ng

Canada PM10 0.3 mg
Foshan, Hangzhou, Harbin,
Yinchuan and Zhengzhou,
China

PM10 96.9–1

Tainan, Taiwan PM2.5/PM10–2.5/SPM (180) 1.09–9
(1.94)
(96.7)

Beijing, China PM2.5/PM10 8.1–12
73.4 (6

AlaShan, China PM2.5/PM10 1.0–9.8
12.4(5

Seoul, South Korea PM2.5/PM10 1.9–27
216.4(

Gosan, South Korea PM2.5/PM10 0–8.9(
� 2.0)

Wuhan, China PM2.5 (579) 6.81–1
Hyderabad, India PM10 and PM2.5 (72) 0.866
Raipur, India PM10 (24) 5–47 (
Ambagarh, Rajnandgaon,
India

Road dust (13) 165–32

Baoji, China Road dust 9.0–42
China SPM (918) 8.67–2
Dhaka, Bangladesh SPM (8) 1.50–4
Lahore, Pakistan SPM (20) 1140–1
Kolkata, India Street dust (9) <2–18.

kg−1

a SPM = suspended particulate matter, PM10 = coarse particulate matter,

8808 | RSC Adv., 2023, 13, 8803–8821
water, while CRMs used depend on the sample matrix and the
arsenic species to be analyzed.94
Distribution, mobility and sources of As in the environment

Arsenic exists in the form of various chemical species differing by
their physicochemical behavior, in toxicity, bioavailability and
biotransformation. The determination of arsenic species is an
important issue for environmental, clinical and food chemistry.94,96

In this review, the distribution, mobility, and sources of As in
air, water, soil, sediment, plants, foods and marine organism;
remediation of As from water, soil and sediment; disposal of
contaminated samples, and health hazard assessment are dis-
cussed. The overall cycles of As in different environmental
compartments are illustrated in Fig. 2. These cycles involve
various chemical species such as As(III, V), MMA(III, V), and
DMA(III, V), as well as chemical and/or biological reactions
resulting reduction, oxidation, and methylation of As. Trans-
portations of As species among soil, water, plant, animal, air, and
sediment should be considered to understand the impact of As in
the environment.
) over the worlda

ntration range (mean) Source type Ref

8 ng m−3/3507 mg Anthropogenic 104

(84) mg kg−1 Anthropogenic, natural 114
As(V) = <1.2–44.0 (7.4
)/<0.99–18.7 (5.2 �
m−3

Anthropogenic 117

s(III) = (1.2–2.1)/(6.5–
m−3

Anthropogenic 118

m−3 Anthropogenic 120
85.2 ng m−3 Anthropogenic 105

.51/.18–4.14/0.99–2.85
ng m−3 22.7–155.8
ng g−1

Anthropogenic, natural 119 and 106

8 (43.5 � 28.0)/10–
1.8 � 49.7) ng m−3

Anthropogenic 115

(3.7 � 2.2)/1.1–
.4 � 3.0) ng m−3

Anthropogenic 115

.0 (9.0 � 6.4)/2.8–
34.4 � 58.9) ng m−3

Anthropogenic, natural 115

1.7 � 1.9)/0.2–6.8 (2.2
ng m−3

Anthropogenic, natural 115

0.7 ng m−3 Anthropogenic 113
and 0.0022 mg m−3 Anthropogenic 107
7 � 1) ng m−3 Anthropogenic 108
9 (238 � 29) mg kg−1 Anthropogenic 116

.8 (19.8) mg kg−1 Anthropogenic 112
0.5 (11.7) ng m−3 Anthropogenic 121
.20 (3.06) ng m−3 Anthropogenic 109
600 ng m−3 Anthropogenic 110
71 (7.96 � 0.95) mg Anthropogenic 111

PM2.5 = ne particulate matter.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Air. Arsenic is stable in the air and is emitted by both natural
and anthropogenic sources. The natural sources include
volcanic eruption, emission from soils or sediments by micro-
bial reduction, dispersion of As containing particles by wind,
evaporation from arsenic compounds and marine organism,
etc.97 Anthropogenic sources are high-temperature processes
such as smelting of non-ferrous metals, burning of fossil fuels,
vegetation and wastes, etc. They are emitted into the atmo-
sphere primarily as As2O3 and arsines, and which are further
transformed into arsenite, arsenate and organoarsenic
compounds. Ultimately, they are transported by winds and
settled into earth crusts by dry and wet depositions.98

Arsenic in air is present mainly in particulate forms as
inorganic As and released into the atmosphere primarily as
oxides that adsorb on particulate matter (PM), which are
dispersed by the wind to remote areas.99 The particulates then
settle down both by dry and wet deposition. Approximately two
thirds of the atmospheric ux of As is of anthropogenic
origin.100,101

US OSHA regulations regarding iAs are found in 29 Code of
Federal Regulations (CFR) 1910.1018. The permissible exposure
level (PEL) for iAs is 10 mg m−3 of air, averaged over an 8 hour
period without regarding to the use of a respirator. The action
level is 5 mg m−3 of air. A medical surveillance program must be
established for all employees exposed at or above the action
level, for at least 30 days per year without regarding to the use of
respirators.102,103 Typical background levels for arsenic in the
rural, urban, and industrial areas are in the ranges of 0.2–1.5,
0.5–3, and <50 ng m−3, respectively.101 Arsenic content in
ambient air/associated to PM104–121 in different locations
Fig. 3 Concentration range of As reported in particulate matter
around the world (concentrations are given for total As, except for
those specified).

© 2023 The Author(s). Published by the Royal Society of Chemistry
worldwide is summarized in Table 2. Concentration range of As
in particulate matter around the world is further illustrated in
Fig. 3 based on the data given in Table 2. Inorganic As(III) and
As(V) both occurred predominantly in ambient PM and prefer-
ably associated to the ne PM in accumulation mode with
particle size of 0.2–2.0 mm.118,119,121 Concentrations (associated
to ambient SPM, PM10 and PM2.5) in various Chinese, Korean,
Mongolian, Taiwanese, American and Canadian cities have
been reported over the 2.4–185.2 ng m−3 range, with higher
values in ne PM.105,106,113,115,119–121 Similar studies have been
carried out for different South Asian cities. In Raipur, total As in
the PM10 and PM2.5 ranged from 37.0–501 and 27.0–293 mg m−3,
respectively.108 In Dhaka city, As concentration in the SPM
varied from 0.0015 to 0.0042 mg m−3.109 In Hyderabad, total As
in the PM10 and PM2.5 were in the ranges of 0.685–1.132 and
0.0010–0.0030 mg m−3 with an annual average of 0.866 and
0.0022 mg m−3, respectively.107 The As in the SPM was detected
in the range of 1140–1600 ng m−3 in different parts of the city of
Lahore.110 The main reason for these high concentrations of As
in Lahore city is attributed to anthropogenic pollution. More-
over, in the street, road and indoor dust, several folds higher As
content was reported.104,111,112,114,116

Water. Water receives As from natural deposits and from
both agricultural and industrial effluents.121 It is found in the
atmosphere, soils and rocks, natural waters, and other organ-
isms. As is mobilized in the environment through a combina-
tion of natural processes and anthropogenic activities, e.g.,
atmospheric dry and wet depositions, weathering reactions,
biological activity and volcanic emissions, mining activity,
combustion of fossil fuels, use of arsenical pesticides, herbi-
cides, livestock feed additive, wood preservatives, etc.15

Arsenic in the air gradually precipitates on the soil as arsenic
oxides and arsines. Arsenic accumulated on the soil surface is
then slowly mixed into the groundwater with the effect of surface
waters and rain.123 In groundwater, As is released by rock weath-
ering, long ow paths, use of phosphate fertilizers, irrigation of As
enriched soils, etc. and inuenced by physical geochemical
characteristics of aquifers, water pumping rates, etc.28,124–127

Arsenic in natural waters is mostly found in either dissolved
or in particulate form. The most common forms of arsenic in
natural waters are arsenite and arsenate.128–130 In well-
oxygenated water and sediments, nearly all arsenic is present
in the arsenate form.131–134 The MMA and DMA (dimethyl
arsenic acid) are also present in some water.15,28,135–137

The solubility andmobility of As in the environment increase
with increasing alkalinity and salinity. Its movement is
controlled by adsorption/desorption and precipitation/
dissolution reactions.138 Three major modes of arsenic
biotransformation occurred in the environment: redox trans-
formation between As(III) and As(V), the reduction and methyl-
ation of As, and the bioproduction of organ arsenic
compounds.8,139–141 Arsenic contamination with sources in
water142–169 of some locations over the world are summarized in
Table 3. Concentration range of As in water samples around the
world is illustrated in Fig. 4 based on the data given in Table 3.

The allowable limit values of As for drinking and irrigation
purposes recommended are 10 and 100 mg L−1,
RSC Adv., 2023, 13, 8803–8821 | 8809
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Table 3 Distribution of As in watera, mg L−1

Location Sample type (n) Concentration Sources Source Ref.

Eastern plains of Zimbabwe SW(20) 1–96 Abandoned mine dumps Natural 150
Tarkwa, Ghana GW(40) <5.2–69.4 Acid mine drainage Natural 144
Kemerovo region,
southwestern Siberia, Russia

POW 1700 Arsenopyrite leaching Natural 153

Okavango Delta, Botswana SW(9) 1.1–3.1 Arsenopyrite weathering Natural 149
GW (25) 1.8–116.6

Ogun state, Nigeria GW (20) 40–160 Arsenopyrite weathering Natural 147
Prestea, Ghana SW(13) 150–8250 (1568 � 278) Arsenopyrites Natural 166
Paraiba do Sul delta, Brazil GW >50–163 Authigenic suldes Anthropogenic 156
Korba, India PW (26) 8.0–30 (17.2 � 2.1) Coal burning Anthropogenic,

natural
167

Nile Delta, Egypt SW 1.2–18.2 Fertilizers,
detergents, herbicides

Anthropogenic 142

USA GW(7000) 10–50 Igneous rocks Natural 168
Hungary, Croatia,
Serbia, Romania

GW 225/610/2000/13–200 Igneous rocks Natural 151

Raipur, India SEW (7) 26–51 (40 � 7) Industrial activities Anthropogenic 158
Raipur, India IWW (34) 600–7800 (2900 � 1400) Industrial activities Anthropogenic 169
Lomé coastal region, Togo SW (23) 3000–6460 Industrial and sea waste Anthropogenic 164
Greece, Europe GW 30–4500 Mineral leaching Natural 151
Koekemoerspruit, South Africa SW (40) 12.3–119 Minerals Natural 145
Upper Moulouya, Morocco SW (14) 50.08–199.6 Minerals Natural 146
Tarkwa, Ghana SW (12) 0.5–73 Minerals Natural 143
South Africa GW (10) 0.1–172.53 (32.21) Minerals Natural 157
Tarkwa, Ghana GW (16) <1–1760 Mining activities Natural 152
African continent SW/GW 10 000/1760 Mining activities Natural 178 and 179
River water, Peru SW (151) 0.1–93.1 (54.5) Mining and

agriculture activities
Anthropogenic,
natural

148

Ri Valley, Ethiopia SW(53) <0.1–405 Rhyolitic rock Natural 161
Ri Valley, Ethiopia SW(11) 2.39–566 (165 � 215) Rhyolitic rock Natural 162

GW (54) 0.60–190 (22.4 � 33.5)
Ri Valley, Ethiopia SW (05)/GW(25)/

SPW(14)
0.02–96/<0.1–278/
<0.1–156

Rock weathering Natural 163

Uruguay GW (46) 1.72–120.5 Rock weathering Natural 154
Ambagrh Tehsil, India FW (20) 29–98 (58 � 7) Sulde minerals Natural 159
Ambagrh Tehsil, India PW (24) 10–53 (22 � 5) Sulde minerals Natural 165
Ambagrh Tehsil, India GW (20) 148–985 (506 � 118) Sulde minerals Natural 160
Okavango Delta Botswana SW <1 to 188 Sulde minerals Natural 155
Yatenga and
Zondoma provinces,
Burkina Faso

GW(45) <0.5–1630 Sulde minerals Natural 124

a FW = eld water, GW = groundwater, IWW = industrial wastewater, POW = pore water, PW = pond water, SEW = sewage water, SPW = spring
water, SW = surface water.
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respectively.170,171 Millions of people, especially from developing
countries, use groundwater containing As for drinking
purposes. Arsenic in the tube-well, well and surface water of
several Asian countries (Bangladesh, Cambodia, China, India,
Iran, Nepal, Pakistan, and Vietnam; Bangladesh, China, Cam-
bodia, Iran, Pakistan, and Vietnam; China, Iran, and Pakistan)
have been reported due to agricultural and industrial activities.4

In the particular case of China, Bangladesh and India, values of
As content in eld, surface, pond, ground, sewage and indus-
trial waste water have been reported, and ascribed to mineral-
ization of arsenopyrite.158–160,165,167,169,172–177

In African countries, both surface and groundwater are also
seriously polluted with arsenic due to industrial activities.178

Examples for Bostwana, Ethiopia, Ghana, Moroco, Nigeria,
8810 | RSC Adv., 2023, 13, 8803–8821
South Africa and Tanzania42,145,146,150,155 are presented in Table 3.
In some cases, this pollution has a natural origin (rock weath-
ering), such as the As contents of up to 566 mg L−1 in surface
water reported in Ri Valley, Ethiopia,162,163 or groundwater
pollution, with contents of up to 6150 mg L−1, reported in
Johannesburg, South Africa.177,178 Nonetheless, in other cases
this contamination is a consequence of mining operations,
which, for instance, have led to As contents of up to 8250 mg L−1

in surface waters of Ghana and Togo.164,166

Likewise, in Latin America, the population of various coun-
tries, including Argentina, Bolivia, Brazil, Chile, Colombia,
Cuba, Ecuador, El Salvador, Guatemala, Honduras, Mexico,
Nicaragua, Peru, and Uruguay15,143,144,147–149,152,154,156,157,163,180 are
facing problems with As contaminated water too (see Table 3).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Concentration range of As reported in water samples around
the world.
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Arsenic pollution is mainly due to natural resources,181 and is
particularly serious in Argentina, Chile, and Mexico.182 In North
America, contents of up to 2600 mg L−1 have been re-
ported.148,154,156 Western part of USA168 and many countries of
Europe,183 such as Greece, Hungary, Romania, Croatia, Siberia,
Turkey, and Spain are affected by elevated As levels, ranging
from 30 to 4500 mg L−1.151,153,184–186

Soil. The background levels of As depends on soil types,
ranging from 5–10 mg kg−1.187 The soil environment is
contaminated with As by natural and anthropogenic sources.
Arsenic in soils results from anthropogenic activities, and the
main sources in the soil are naturally occurring minerals, such
as arsenopyrite, gelignite, realgar, orpiment, etc.,17 and the
mineralization of FeAsS and As2S3-like species in soil results in
its pollution with As.188

The major inputs of As in soil are associated with burning of
fossil fuels and biomass, mining activities, industrial effluents,
use of pesticides (e.g. monosodium methyl arsenate, disodium
methyl arsenate and cacodylic acid) in agriculture, lumber
preservatives (e.g. ammoniacal copper zinc arsenate and chro-
mated copper arsenate), manufacturing of glass and ceramics
(arsenic trioxide), alloys (brass and bronze), optics and elec-
tronic materials (light emitting or laser diodes, gallium arse-
nide microchips and circuit ber optic crystals), leatherwork-
leather preservative, pigments and paints.8,102
© 2023 The Author(s). Published by the Royal Society of Chemistry
Arsenic fate is a complex due to existence in many chemical
forms naturally. In minerals, arsenicals and surface soils occur
in arsenate forms, changing valence under different redox
conditions, and adsorb to many soil clays and Fe, Mn and Al
oxides.189 Arsenic soil mobility and bioavailability is of great
interest for human health assessment, and it depends on
several physical and chemical factors: e.g. pH, redox potential,
organic matter content, clay mineralogy, texture, Ca, Al, Mn, Fe
and PO4

3− content, organic ligands – fulvic and humic acids,
and microbial activity of the soil and/or irrigation water.190 The
solubility and speciation of As in a contaminated soil is
controlled by pH values of the soil extract, in such a way that the
mobilization of As is increased in alkaline medium, resulting in
an enhanced phytoavailability191 Various elements (e.g., Al, Ca,
Fe, and Mn) enact a remarkable effect in As phyto availability in
soil, and its translocation in different parts of the plants; root
microbe-induced transformation system can also impact the
fate of As in the rhizosphere; and phosphate and organic matter
in the root system tend to reduce As phytotoxicity.122,192,193

The As soil contamination and sources at various sites of the
world are summarized in Table 4. The concentration of total As
in 17 locations of surface, agricultural, garden and rhizospheric
varied over 126–1600 mg kg−1.159,194,195 The maximum value was
observed in rhizospheric soil, probably due to plant and
microorganism interactions. Although high concentrations
have been reported all over India (in Assam, Bihar, Utter Pra-
desh and West Bengal states), with values of up to 41.2 mg
kg−1,196–198 remarkably high values have been observed in
Chhattisgarh state: with As concentrations reaching 164 mg
kg−1 in the surface soil of Korba basin199 and of up to 4600 mg
kg−1 in Ambagarh Tehsil.159,194 Concerning other countries,
contents over the 7–46, 3–266, 6.1–16.7, 9.7–110, 6–20, 7–1500
and 18.3 mg kg−1 intervals have been reported in Bangladesh,
Pakistan, Nepal, China, Vietnam, Iran, and South Africa,
respectively.195,200–213

Sediment. As is also present in the sediment bound to clay
minerals and Fe, andMn oxides, As is a redox sensitive element,
present in the sediments of surface water reservoirs, formed by
continuous weathering and erosion,214 and its bioavailability for
biota is dependent on both physical parameters, e.g., pH, redox
(200–500 mV), TOC (total organic carbon) and
temperature.215–217 In general, when water conditions become
oxidizing, at higher pH and organic values and low tempera-
ture, mobilized metals (As, Fe, etc.) is typically removed from
solution as a solid precipitate, reducing the bioavailability of As
for biota. The dissolution of oxides of Fe and Mn is found to be
an effective mechanism for As mobility from sediment to
groundwater.218,219

Examples of pollution with As of the sediments of various
surface water bodies (ponds, lagoons, river estuaries and sea)
are summarized in Table 4. Concentration range of As in sedi-
ment and soil is illustrated in Fig. 5 based on the data given in
Table 4. Over all total As concentration in 17 different types of
sediments originated from pond, river, lake, lagoon, sea and
estuarine was observed in interval between 2.5-2500 mg kg−1

with maximum value in estuarine sediments due to industrial
activities. The highest reported values are associated with
RSC Adv., 2023, 13, 8803–8821 | 8811
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Table 4 Distribution of As in soil and sediment, mg kg−1

Location Sample type (n) Concentration Source Source type Ref

Kinghorn Loch, UK Sediment 86–185 Aluminum
industrial waste

Anthropogenic 226

Sindh, Pakistan Soil 8.7–46.2 Arsenopyrite Natural 201
Sindh, Pakistan Lake sediment 11.3–55.8 Arsenopyrite Natural 201
China Agricultural soil (1648) 0.4–175.8 (10.40) Atmospheric dusts Anthropogenic 204
China Soil 110 Chemical weapons Anthropogenic 212
Pakistan Soil 110–266 Coal burning Anthropogenic 202
Korba, India Surface soil (30) 49–164 (107 � 32) Coal mining and

burning
Anthropogenic 199

Korba, India Pond sediment (26) 36–154 (95 � 12) Coal mining and
burning

Anthropogenic 167

China Agricultural soil 9.7 Fertilizers Anthropogenic 213
Bangladesh Soil (12) 7–27.5 (14.5) Groundwater Natural 200
Florida, USA Lake sediment (6) 39.0–53.5 (47.3) Herbicides Anthropogenic 225
USA Buffalo river sediment(111) 2.6–417.0 (14.03 �

39.21)
Industrial activities Anthropogenic 224

Assam, India Brahmaputra sediment (8) Up to 37 Industrial activities Anthropogenic 223
China Coastal sediment 9.75 Industrial activities Anthropogenic 229
Bothnian Bay/Bothnian
Sea/Gulf of Finland/Gulf of
Bothnia

Sediment 109–239/35–63/14–
16/15–23

Industrial activities Anthropogenic 228

North Egyptian lake Lagoon sediment (21) 10–44 (25) Industrial and
agricultural
activities

Anthropogenic 227

Bihar, middle Gangetic
plain, India

Agricultural soil (19) 3.528–14.690 Irrigation water Natural 196

Ballia, UP, India Soil (30) 5.40–15.43 (11.12) Irrigation water Natural 198
Nepal Soil 6.1–16.7 Irrigation water Anthropogenic 203
Bangladesh Paddy soils 46 Irrigation water Anthropogenic 209
Vietnam Agricultural soil 6–20 Irrigation water Anthropogenic 206
Pakistan Soil 3.0–3.81 Minerals Natural 210
Iran Soil (17) 7–795 Minerals Natural 207
Iran Soil (18) 105.4–1500 (1017) Minerals Natural 211
Bihar, India Ganga sediment (19) 9.119–20.056 Minerals Natural 196
Bihar middle Gangetic
plain, India

Sediment (24) 6.9–14.2 (11.8) Minerals Natural 222

Colombia Suratá River sediment Up to 484 Mining Natural 220
Brazil Patos Lagoon sediment (15) Up to 50 (2.5) Mining Natural 230
U.K. estuarine Sediments 2–2500 Mining activities Natural 221
USA Fruit tree soil >200 Pesticides Anthropogenic 205
Ambagrh Tehsil, India Surface soil(20) 58–302 (192 � 28) Sulde minerals Natural 195
Ambagrh Tehsil, India Paddy soil (20) 44–270 (126 � 28) Sulde minerals Natural 159
Ambagrh Tehsil, India Rhizospheric soil (16) 220–4600 (1600 �

700)
Sulde minerals Natural 194

Ambagrh Tehsil, India Pond sediment (24) 10–256 (53 � 26) Sulde minerals Natural 165
South Africa Garden soil (4) 0.1–65.3 (18.3 �

11.7)
Urban setting Anthropogenic 208

West Bengal, India Agricultural soil 19.40 � 0.38–41.24
� 0.48

Wet precipitation Anthropogenic,
natural

197
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metalliferous mining activities: a concentration of 484 mg kg−1

was registered in the stream sediments from Suratá river
(southwestern area of Santurbán paramo, Colombia) near
a gold mining area,220 and 2500 mg kg−1 was recorded in the
sediments of estuaries in southwest England.221 Nonetheless,
natural pollution can also lead to dangerous values: for
instance, Ganga river – originated from Himalayas – carries
sediments contaminated with As at concentrations in the 4.8–
19.7 mg kg−1 range,196,222 and contents of up 37 mg kg−1 have
8812 | RSC Adv., 2023, 13, 8803–8821
been reported for Brahmaputra river – which ows from
Southern Tibet.223

Remarkably high values of As in sediment were reported for
two Indian locations, i.e. Ambagrh tehsil and Korba city, with
values up to 256 and 154 mg kg−1, respectively. Pollution of As
in these locations were attributed to arsenopyrite leaching165

and coal burning and alumina roasting,167 respectively.
As content in the Buffalo bottom sediments (0–90 cm depth)

were identied over range of 14.03 to 26.78 mg kg−1 due to
industrial activities.224 In the Florida lake sediment (30-45 cm
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Concentration range of As reported in sediment and soil
around the world.
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depth), high concentration of As at 147.5 mg kg−1 was accumu-
lated due to use of arsenical herbicide (Na(CH3)2AsO4) to the golf
course and lawns throughout the state.225 Similarly, signicantly
high concentration of As at 160 mg kg−1 was observed in the red
mud sediment (by-product of alumina production sludge) of
Kinghorn Loch.26 The metalliferous mining activities concen-
trated remarkable high concentration of As at 2500 mg kg−1 in
the estuary's sediments of estuaries of southwest England.221

Industrial activities also released As in the Brazilian lagoon,
China coastal area, Egyptian lake, and Northern marine sedi-
ments over range of 2.5 to 239 mg kg−1, respectively.227–230
Arsenic health hazards

Arsenic is known to be a human carcinogen involving in the
generation of reactive oxygen species (ROS), genetic change and
signal transduction pathways. Humans are more sensitive than
other animals due to their lower efficiency of arsenic methyla-
tion.231 It has been estimated that approximately 94 to 220
million people in the world are potentially exposed to ground-
water containing excessive levels of As, most of whom are in
Asia (94%) with some in Africa and South America.183

Human exposure to As in contaminated areas occurred
through oral, respiratory, or dermal routes.232 Non-occupational
human exposure to As is primarily associated with the ingestion
of food and water. Food is generally the principal contributor to
the daily intake of total arsenic, while drinking water can also be
signicant source of exposure in some areas.233 The daily intake
of total As from food and beverages is generally between 20 and
300 mg per day.234 Pulmonary exposure may contribute up to
© 2023 The Author(s). Published by the Royal Society of Chemistry
approximately 10 mg per day in a smoker and about 1 mg per day
in a non-smoker, which values can be higher in polluted areas.

The concentration of metabolites of inorganic As in urine
(inorganic arsenic, MMA and DMA) was used as a biomarker for
the exposure and is generally in the range from 5 to 20 mg As
per L.235,241 In workplaces with up-to-date occupational hygiene
practices, exposure concentrations generally do not exceed 100
mg m−3.236 Arsenic in hair and nails can be used as indicators of
past As exposure, which requires to prevent external arsenic
contamination of the samples.

The short-term effects of As exposure may include vomiting,
diarrhea having blood, abdominal pain, dizziness, loss of
sensation in limbs, skin problems, irritation, hair fall, muscle
cramps, etc. Meanwhile, the long term As exposure can cause
skin disorders and increased risk of diabetes, high blood
pressure, and several types of cancer.237

Arsenic is a protoplasmic poisonous element mainly deacti-
vate the sulydryl group of respiration, enzymes and mitosis
cells. The toxic iAs (inorganic arsenic compounds) in human is
methylated into non-toxic MMA and DMA, and excreted out
through urine. However, the MMA is an intermediate species to
form other arsenicals. Intake of iAs by air, water and/or food
cause toxicity known as arsenicosis. Low exposure can lead
adverse physiological effects (i.e., vomiting and nausea,
damaging of blood vessels, reduction in production of erythro-
cytes and leukocytes, change in heartbeat and body sensation,
etc.). However, the prolonged exposure can develop lesions in
skin, cancers, diabetes mellitus, hypertension, and neurological,
pulmonary, vascular, cardiovascular diseases.238 The health effect
risk (i.e. composition and size, type, magnitude, frequency,
route, and duration of exposure) associated with intake of iAs is
assessed by multiple parameters, e.g. average total dose (ATD),
estimated daily intake (EDI), hazard quotient (HQ), hazard index
(HI), cancer risk (CR) and CRlim methods. Dose–response
assessment quantitatively evaluates a relationship between the
amount of exposure to a contaminant and the possibility of
adverse health effects. The following equations (i)–(vi) are used
for evaluation the health hazard parameters.239–241

ATD = Asw × IR (i)

EDI = Cm × DI/BW (ii)

HQ = EDI/RfD (iii)

HI =
P

HQi (iv)

CRlim = RfD × BW/Cm (v)

Cancer risk = CDI × (PF) (vi)

where, scripts Asw, IR, Cm, DI, BW, RfD, CDI, HI, HQi, CRlim and
PF represent arsenic contamination of water (mg L−1), water
ingestion rate (L per day), mean concentration of As in food,
amount of food consumed per day (g per day), mean body
weight of a person (kg), reference dose, chronic daily intake,
hazard index, summation of HQ of noncarcinogens, the
RSC Adv., 2023, 13, 8803–8821 | 8813
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maximum allowable food consumption rate (kg d−1); and
potency factor (mg per kg per day), respectively.

The permissible exposure limit for As in air, water and food
recommended are 10 mg m−3 (over for 8 hour period), 10 mg L−1,
and 0.5 mg kg−1,91,103 respectively. The recommended food dose
(g per day) PF (oral route) for arsenic is 1.5 mg per kg per day,
supposing that the cancer risk is acceptable when the value of
cancer risk (CR) is lie in interval: 10−4 and 10−6. Dietary exposures
to total arsenic were highly variable, with a mean of 50.6 mg per
day (range of 1.01–1081 mg per day) for females and 58.5 mg per
day (range of 0.21–1276 mg per day) for males. U.S. dietary intake
of inorganic arsenic has been estimated to range from 1 to 20 mg
per day, with grains and produce expected to be signicant
contributors to dietary inorganic arsenic intake.100,242–245 The
permissible arsenic concentrations in water samples are 10 mg
L−1 in the World Health Organization246 and United State Envi-
ronmental Protection Agency (USEPA)240 guidelines for drinking
water. In addition, guide levels for the protection of the aquatic
biota and drinking water proposed by local authorities are 15 mg
L−1 and 10 mg L−1 respectively.247 Accordingly, arsenic can cause
adverse effects not only for humans but also for plant and animal
species living in aquatic environments. Especially in aquatic
ecosystem, arsenic concentration above the permissible limit
affects various physiological systems such as growth, reproduc-
tion, ion regulation, mortication, gene expression, immune
function, enzyme activities and histopathology of sh. Therefore,
harmful effects may be seen for people who form the last link of
the food chain and for human health.

However, in health index evaluation method factors i.e., the
life style, age and diet quality are not considered. For example,
young children, elderly and people with long-term illnesses are
at greater risk. In addition, interactions of other toxicants, and
bioavailability, bioaccumulation, background concentration
level of the toxicant are not considered. Toxicity data are oen
unavailable, and evaluated data is not sufficient to verify dose–
response curve and action mode.248
Conclusions

In this review, data on natural and anthropogenic sources and
mobility of As in the various compartments of the environment
(air, water, soil and sediment, and biota) in different parts of the
World has been presented, together with their main biogeo-
chemical relations. It's apparent that arsenic contamination is an
alarming problem on a global scale for animal and human health.
The smelters, coal based thermal power plants and biomass
burnings are potential sources for arsenic emissions, and their
uses should beminimized. The contaminated water, food and soil
dusts poses the greatest threat to public health from arsenic. New
insights on As contamination, exposure sources, mobility and
toxicity mechanisms at molecular and gene levels for under-
standing of its adverse effect spectrum are required.

The scientic understanding of As is still evolving even with the
foundation of knowledge already established by years of research
on its origin, toxicities, mobility, distribution patterns, quanti-
cation, and exposure. Further study on its interactions should help
8814 | RSC Adv., 2023, 13, 8803–8821
in the development of methods of safe clean-up and exposure
prevention all the way down to the trophic level of ecosystem.
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F. S. G. Einschlag, P. Bhattacharya and A. Ahmad, Sci.
Total Environ., 2019, 676, 756–766, DOI: 10.1016/
j.scitotenv.2019.04.262.
© 2023 The Author(s). Published by the Royal Society of Chemistry
183 J. Podgorski and M. Berg, Science, 2020, 368, 845–850, DOI:
10.1126/science.aba1510.

184 H. Rowland, E. Omoregie, R. Millot, C. Jimenez, J. Mertens,
C. Baciu, S. Hug and M. Berg, Appl. Geochem., 2011, 26, 1–
17, DOI: 10.1016/j.apgeochem.2010.10.006.

185 A. Molinari, L. Guadagnini, M. Marcaccio and
A. Guadagnini, Water Res., 2019, 149, 522–532, DOI:
10.1016/j.watres.2018.09.049.

186 F. A. P. Reyes, G. B. Crosta, P. Frattini, S. Basiricò and
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