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Abstract

Arsenic (As) is a heavy metal that causes widespread contamination and toxicity in the soil
environment. This article reviewed the levels of As contamination in soils worldwide, and evaluated
how soil properties (pH, clay mineral, organic matter, texture) and environmental conditions (ionic
strength, anions, bacteria) affected the adsorption of As species on soils. The application of the
adsorption isotherm models for estimating the adsorption capacities of As(IIl) and As(V) on soils was
assessed. The results indicated that As concentrations in contaminated soil varying significantly from
1 mg/kg to 116000 mg/kg, with the highest concentrations being reported in Mexico with mining
being the dominating source. Regarding the controlling factors of As adsorption, soil pH, clay mineral
and texture had demonstrated the most significant impacts. Both Langmuir and Freundlich isotherm
models can be well fitted with As(IlI) and As(V) adsorption on soils. The Langmuir adsorption
capacity varied in the range of 22-42400 mg/kg for As(V), which is greater than 45-8901 mg/kg for
As(IIT). The research findings have enhanced our knowledge of As contamination in soil and its
underlying controls, which are critical for the effective management and remediation of As-

contaminated soil.

Keywords: Arsenic; Soil contamination; Controlling factors; Adsorption isotherm; Soil remediation
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1. Introduction

Arsenic (As) is a highly toxic element, and its contamination in soils, water and plants is widely
reported (Selim, 2012). This notorious trace metalloid has received heightened concern than other
heavy metals due to its toxicity and carcinogenicity to humans (Hayat et al., 2017; Jiang et al., 2017,
Johnston et al., 2020). Environmental problems related to As are caused by the mobilization under
natural conditions as well as through a range of anthropogenic sources such as mining activity,
combustion of fossil fuels, and use of arsenical compounds in agriculture and livestock feed
(Ungureanu et al., 2015). As a result, As pollution occurs widely in the environment including soil,
surface water (e.g., lakes, rivers), groundwater and sediment worldwide (Nguyen et al., 2019).

There are four valence states of As in nature including -3, 0, +3 and +5 with both organic and
inorganic species (Basu et al., 2014; Wang and Mulligan, 2006a). However, pentavalent arsenate
(As(V)) and trivalent arsenite (As(IIl)) are dominant among these species in natural sediment-water
systems (Baviskar et al., 2015). Smith et al. (2006) found that As(IIT) contents varied from < 5% to
40% of total As in railway soils in South Australia, although the source of As(IIl) was not provided.
As(V) is the most abundant form of As in oxic soil conditions (Eh > 200, pH 5-8) (Akter et al., 2005;
Alvarez-Benedj et al., 2005). The main forms of As(V) species in solution are HyAsO4", HAsO4* and
AsO4>, while As(III) is mainly dissociated (Alvarez-Benedi et al., 2005; Martin et al., 2014) and
more mobile and toxic than As(V) (Akter et al., 2005). Inorganic forms of As are most volatile and
toxic, of which As(III) is the most toxic form being 60-100 times more toxic than As(V) (Maji et al.,
2007), and occurs in solution as H3AsO3 and H2AsOj3™. The solution pH affects the dissociation hence
the sorption rates of As species, with As(V) sorption decreasing while As(III) sorption increasing
with pH increases (Alvarez-Benedi et al., 2005; Antelo et al., 2005). Regarding the organic forms,
methylated species is the dominant form and may contribute substantial amounts in soils (Alloway,
2012). Table 1 summarizes the structures and the acid dissociation constant (pK.) of inorganic and

organic As species.
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Table 1. Physiochemical properties of As species

Arsenic species Dissociation reaction and structure pK.
Inorganic arsenate H3AsO4 + HO = H>AsO4 + H30" pKar =2.20°
(As(V)) H2AsO4” + H,O = HAsO4> + H30" pKa2 = 6.97°
HAsOs* + H,O = AsO4*" + H;0" pKas =11.53"
Inorganic arsenite H3AsO; + H,0 = H,AsO3™ + H30° pKar =9.23°
(As(I1I)) H>AsO;™ + H,O = HAsO3* + H30" pKa2 = 12.13%
HAsO;* + H,0 = AsO;* + H;0" pKas = 13.40°
Dimethylarsinic acid ~As(CH3)2(OH)O + H,O = As(CH3),0, + H;0" pK. =6.20°
(DMA)
Monomethylarsonic ~ As(CH3)(OH)20 + H,O = As(CH3)(OH)O> + H30" pKar =4.10°
acid (MMA) As(CH3)(OH)O> + H20 = As(CH3)0,* + H30" pKa> = 8.70°
Arsenobetaine (CH3);CH2AsOz pK,=2.18°
(AsB)

2 Wilson et al. (2010); ® Reid et al. (2020)

Although there are several processes of As transportation in soil, adsorption is the predominant
process regulating As transport in aqueous systems (Stollenwerk, 2003), including the mobility, fate
and bioavailability (Dousova et al., 2012; Farrell, 2017; Gedik et al., 2016; Luo et al., 2019).
Adsorption process and its mechanisms can be well explained with different isotherm models
although As adsorption is greatly influenced by many factors including soil properties, As
concentrations, and environmental factors such as pH (Aksentijevi¢ et al., 2012; Foo and Hameed,
2010). Previous studies have summarized the influence of various parameters from both soil
properties and environmental conditions on As adsorption. For instance, Akter et al. (2005) reviewed
the effect of As adsorption and desorption processes on the biological availability of inorganic As
species in soils. Basu et al. (2014) and Smedley and Kinniburgh (2002) summarized the sources,
behavior, distribution, toxicity and remediation technologies of As in natural water worldwide, while
Smith et al. (2003) reported sources of As in natural environments and the exposure pathways in
Australia. Wilson et al. (2010) provided a summary of As adsorption on soils including the effects of
clay minerals, oxides and hydroxides, soil organic matter (SOM) as well as the adsorption
mechanisms. However, a critical overview of As contamination and adsorption in the soil

4
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environment is still lacking, particularly in terms of the quantitative assessment of different
controlling factors. This article aims to provide a global assessment of As concentrations in
contaminated soils, to evaluate the significance of important factors affecting As adsorption behavior,
and to compare the modelling results from the Langmuir and Freundlich isotherms in predicting As

adsorption capacity and behavior in soils.

2. As concentrations in highly contaminated soils

As a result of the weathering of parent rocks, As may occur naturally in the environment, usually
at low concentrations (Abedi and Mojiri, 2020). Due to human activities such as medicine
manufacturing, metallurgical processes, and lead-acid batteries processes, the concentrations of As
have been increased in soils (Ong et al.,, 2013). The background concentration of As in natural
uncontaminated soils varies from 5.0 mg/kg to 7.5 mg/kg (Zhang et al., 2006) and from 42 mg/kg to
4530 mg/kg for polluted soils, while the average concentration of As in the earth’s crust is 1.8 mg/kg
(Wang and Mulligan, 2006a). In comparison, the average As concentrations in soil ranged between 8
mg/kg and 82000 mg/kg in contaminated soils, although concentrations as high as 116000 mg/kg
were also reported (Fig. 1). The lowest mean concentrations of As (Fig. 1) from the soil in the United
States varied in the range of 0-174 mg/kg (Masri et al., 2021).

Although the occurrence of arsenic in the environment is a global concern, the South and East
Asia regions are the most severely affected (McCarty et al., 2011). For instance, in 39 soil samples
around an old mine in Thailand, the As concentrations varied from 4.8 mg/kg to 1070.4 mg/kg
(Tiankao and Chotpantarat, 2018). The concentrations of As were reported to vary at 0-6402 mg/kg
in agricultural soils, and at 153-294 mg/kg in mining soils from China (Jia et al., 2021). Overall, these
Chinese soils were considered as slightly to moderately polluted by As compared to background
concentration of As globally (Zhang et al., 2006), and exceeded the risk screening values in China at
40 mg/kg (Cao et al., 2021). The agricultural soils in Bangladesh were slightly polluted by As,

occurring at average As concentration of 20.3 mg/kg (Fig. 1).
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During the last two decades, arsenic at toxic levels has been detected in many Latin American
countries (Bundschuh et al., 2020). The natural activities were again found as the main sources of As
pollution in South America, with the mean concentration being 34 mg/kg (Tapia et al., 2019). In
Brazil, arsenic concentration varied from 25 mg/kg to 764 mg/kg in the shallow soils (de Figueiredo
et al., 2007).

The main source of As in the Australian soils comes from either natural or anthropogenic
processes. In a study in Melbourne, As concentrations ranged between <0.01 mg/kg to 27,600 mg/kg
(Smith et al., 2003). The repeated applications of herbicides in a large area in South Australia were
the reason leading to high level of As contamination in soils (35-545 mg/kg, mean = 133 mg/kg)
(Smith et al., 2006). The authors also reported a correlation between high concentrations of both As
and iron oxide content in soils (r* = 0.57), and the proportion of As(III) accounted for up to 40% of
the total As concentration in soils. The As concentration in the Austrian Central Alps varied in the
range 1-3000 mg/kg with the mean concentration of 77.1 mg/kg, which was caused by mining,
smelter activities and geogenic mineralization (Wenzel et al., 2002).

The mine soils from the European countries were reported with mean As contaminations reaching
over 500 mg/kg including Ouche mine soil in France (593 mg/kg), Losacio mine soil in Spain (508.5
mg/kg), and up to 892.7 mg/kg for Zlata Idka village in Slovakia (Rapant et al., 2006). In contrast,
As concentrations in soils from the Turkonu Hg mine in Turkey were low at 6.9-65.2 mg/kg, with an
average of 16.8 mg/kg (Gemici and Tarcan, 2007), compared to other soils polluted by mining
activities. The highest degree of As in contaminated soils was reported by Osuna-Martinez et al.
(2020), with the mean As concentrations being extremely high at 82000 mg/kg for Aurora Chihuahua
soils, followed by 54000 mg/kg in subsoils from Iran (Gerdelidani et al., 2021) and 18046 mg/kg in
Aurora mine from Mexico (Carrillo-Chavez et al., 2014) due to mining activities. Consequently,
different soils studied in those reports can be defined as slighted polluted by As in Bangladesh, China,
Czech Republic, Nigeria, South America, Turkey and United States, to moderately polluted in

Australia, Austria and Belgium, and highly polluted in France, Iran, Mexico, Poland, Slovakia and
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Spain because their As concentrations all exceeded the level of uncontaminated soils at 6.0 mg/kg
(Casado et al., 2007). It can also be concluded that the highest contamination of As in soils was caused

by mining, followed by agricultural activities.
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Fig. 1. The minimum, mean and maximum As concentrations in contaminated soil worldwide. Data
from Bhuiyan et al. (2021); Cao et al. (2021); Carrillo-Chavez et al. (2014); Casado et al. (2007); de
Brouwere et al. (2004); Dong et al. (2021); Gemici and Tarcan (2007); Gerdelidani et al. (2021); Jana
et al. (2012); Jia et al. (2021); Kebonye et al. (2021); Lebrun et al. (2021); Masri et al. (2021); Orosun
(2021); Osuna-Martinez et al. (2020); Rapant et al. (2006); Rezaei et al. (2021); Smith et al. (2006);
Szopka et al. (2021); Tapia et al. (2019); Wenzel et al. (2002).

3. As adsorption by soil
Soils have received increasing attention as a natural sorbent in As sorption studies. The

adsorption-desorption processes in soils play a key role in controlling the mobility, bioavailability,
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toxicity and fate of As in soil-water-plant systems. Soils are heterogeneous complexes of clay
minerals, metal oxides, organic matter and microorganisms with diverse structures (Mohapatra et al.,
2007), and have a high capability to adsorb metals or metalloids due to the presence of exchangeable
cations (e.g. Ca?’, Mg*", Fe*") and anions (SO4>", CI', PO4*, NO53). Moreover, soil colloids with
different charges (e.g. H2SiO3 colloids with negative charge, Fe(OH)s colloids with positive charge)
can affect the adsorption of arsenic on soils (Feng et al., 2013). In addition, soil properties strongly
affect the adsorption and desorption of As (Huling et al., 2017; Gedik et al., 2016; Selim, 2012; Xie
et al., 2018), while other parameters including ionic strength and competing anions (Williams et al.,
2003), initial concentration of As, adsorbent dose and contact time (Matouq et al., 2015), and As

speciation (Lomgbi and Holm, 2010) have also shown influence on As(V) adsorption.

3.1. Soil pH

Soil pH is considered as one of the most important parameters in As adsorption, and the
relationship between soil pH values and As adsorption has been widely investigated (Arco-Lazaro et
al., 2016; Campbell and Nordstrom, 2014). The important role of pH in As adsorbed on soils is due
to its effect on As speciation and the charge of soil particle surfaces (Gitari and Mudzielwana, 2018;
Huang et al., 2013). As(V) adsorption decreased significantly while As(IIT) adsorption increased on
soils with the pH increase (Alvarez—Benedi et al., 2005; Deng et al., 2018; Fan et al., 2020). As(V)
adsorption is extremely dependent on pH values (Williams et al., 2003), and the increase in pH can
cause an increase in repulsion of the soil surface to arsenate, resulting in the decrease in arsenate
adsorption (Jiang et al., 2017). On the other hand, As(III) adsorption was highly favored on positively
charge sites in soil through electrostatic attraction under the acidic condition (Renkou et al., 2009).
Goldberg et al. (2005) suggested that As(V) adsorption exhibited a maximum in adsorption around
pH 6-7, and then decreased with further increase in solution pH. A study on the adsorption-desorption
of As(V) in three Spanish soils showed that pH values slightly reduced during the As adsorption

experiments and pH was more important on As(V) sorption at high concentrations and for variations
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of several pH units (Alvarez-Benedi et al., 2005). Fig. 2a illustrates that the maximum adsorption of
As(IIT) on a tropical soil increased from 150 mg/kg to 230 mg/kg when pH was increased from 3 to
7 (Goh and Lim, 2004), and reached the peak of 180.8 mg/kg at pH 7.09 for irrigated soil (Huang et
al., 2013). In contrast, the adsorption of As(V) on surface paddy soil (Jiang et al., 2017) decreased
from 1875 mg/kg (pH 3) to 1275 mg/kg (pH 5.5), or reached the maximum of 337 mg/kg at pH 4.5
for tropical soil (Fig. 2b). The fact that soil surface positive charge density decreased with the increase
in pH of the system could be due to the increasing amount of the OH™ ions, resulting in decreasing
adsorption (Goh and Lim, 2004). Moreover, Jeppu and Clement (2012) successfully incorporated
sand pH value as a dependent variable of the modified Langmuir-Freundlich (MLF) isotherm
equation for predicting As(V) adsorption onto pure goethite and goethite-coated sand sorbents. On
the other hand, pH may not be considered as a main factor affecting As sorption capacities (Alloway,
2013), and the effects of soil pH on As adsorption were difficult to conclude (Jiang et al., 2005b).
The adsorption capacity of As(V) on iron ore reached a maximum of 400 mg/kg at pH 4.5-6.5 (Zhang
et al., 2004). Although Alloway (2013) suggested that the effect of pH on As(V) adsorption was
generally small, the data from the previous investigations (Figs 2a and 2b) indicated that soil pH had
significant effects on the adsorption of both As(III) and As(V) on soil.
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Fig. 2. Effects of pH on (a) As(II) adsorption on a tropical soil (Goh and Lim, 2004) and an irrigated
soil (Huang et al., 2013); b) As(V) adsorption on a tropical soil (Goh and Lim, 2004) and a surface
paddy soil (Jiang et al., 2017).
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3.2. Clay minerals

Clay minerals have a significant influence on As sorption in soils due to their unique
physicochemical properties such as chemical and mechanical stability, large specific surface area,
high charge density, layered structure and high cation exchange capacity (Gitari and Mudzielwana,
2018; Mukhopadhyay et al., 2017). The large total surface area is one essential property of clay
minerals (Gitari and Mudzielwana, 2018) which represents the sum of external surface area and the
internal surface area corresponding to the interlayer spaces (Jlassi et al., 2017), which allows clay
minerals to adsorb water and environmental contaminants. Macht et al. (2011) expressed that the
specific surface area of natural particles plays an important role in quantifying sorptive process in
soils. For example, the adsorption capacities of total As on three soils increased with an increase of
soil surface area (Fig. 3). Similarly, Xie et al. (2018) found that the adsorption capacity of As(Ill) and
As(V) decreased with the reduction of soil clay content, with S3 (45.5% clay) > S2 (11.0% clay) >
S1 (7.2% clay), as shown in Fig. 4. The role of clay content would enhance As(V) adsorption on the
low-energy surface because the behavior of As on clay minerals is similar to that on the oxides
(Goldberg, 2002), and large surface areas and active sites of clay minerals would provide a high
capacity for As adsorption (Jiang et al., 2005b; Foroutan et al., 2019). Foroutan et al. (2019) reported
the highest adsorption of As(V) on natural clay (~94%) at pH 3-4, which decreased to under 30%
when pH was 9.0; the results were explained by the interactions between negative hydroxyl ions with
As(V) ions in aqueous solution. According to Gitari and Mudzielwana (2018), the adsorption of
As(IIT) was via physisorption and occurred on the outer layer surface complex of the adsorbent while
the adsorption of As(V) was via chemisorption and occurred in the inner layer surface complex of the
adsorbent.

The reaction of physical adsorption occurs rapidly on the surface of adsorbents with low enthalpy
and creating multilayer formation. In contrast, chemical adsorption reacts slowly and irreversibly,
having high enthalpy and monolayer formation. Similarly, Fan et al. (2020) suggested that sharing or

exchange of electrons between adsorbent and adsorbate was involved in the chemisorption process

10
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of As(V) adsorbed on the black soil. Therefore, As adsorption will be favored in terms of clay

minerals in soils (Arco-Lazaro et al., 2016).

Fig. 3. Effects of the surface area of clay minerals and SOM on the adsorption of total As on soils

(Feng et al., 2013).

3.3.SOM

SOM plays a major role in enhancing the release of As from soils to the solution (Wang and
Mulligan, 2006a). SOM is derived from the decomposition of terrestrial and aquatic animals and
plants that strongly interacts with As and affects its species and mobility in aquatic environments
(Wang and Mulligan, 2006a). Varsanyi and Kovacs (2006) suggested that there was a correlation
between total As and particulate organic carbon with low contents of extracted Fe (4.91 g/kg) and
organic carbon in soil (0.04%), while no correlation was observed with higher concentration of
extracted Fe (7.75 g/kg) and organic carbon content (0.09%). Jiang et al. (2005b) found that dissolved
SOM reduced As(V) adsorption on both high- and low-energy surfaces of soil adsorption sites. It is
postulated that dissolved organic matter competed with As for adsorption to mineral surfaces or
formed complexes with As(V); however, the percentage of As retention on natural organic matter

was low (Wilson et al., 2010). Grafe et al. (2001) suggested that high stability of As in ionic solutions

11
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was due to the prevented aggregation of organic matter leading to the balanced distribution of surface
charge, and expressed that As(V) released from soils was controlled by organic matter regardless of
the adsorption mechanism. Similarly, Feng et al. (2013) and Wang and Mulligan (2006b) pointed out
that SOM had great potential effects on As adsorption behavior due to its interactions with mineral
surfaces and/or with As itself. Fig. 3 shows that the maximum adsorption capacity (¢.) from the
Langmuir isotherm model of total As on three Chinese soils increased with a decrease in SOM. It was
suggested that a portion of As was bound to SOM (humic acids) through positively charged amine
groups (Varsanyi and Kovacs, 2006), resulting in the negative impact of SOM on As adsorption on

soils (Huang et al., 2013).

3.4. Bacteria

Bacteria can affect As adsorption because they can resist As(V) toxicity by reducing intracellular
As(V) to As(IlT) (Wang and Mulligan, 2006b). Campbell and Nordstrom (2014) stated that microbial
redox cycling plays a role in accelerating the kinetics of As(IIl) oxidizing or As(V) reducing reactions,
which affect the speciation of As in the environment. Furthermore, Wang and Mulligan (2006b)
suggested As(V) can be used as an electron acceptor of anaerobic microorganisms for the oxidation of
organic matter or H» gas. Xie et al. (2013) found that the rate of growth inhibition of bacteria increased
with the increasing initial As(V) solution during 4-day reaction time (Fig. 4a). They found that the
highest inhibition rates occurred on the second day of exposure, being 24.5% and 40.8% with As(V)
concentration of 800 pug/L and 1600 pg/L, respectively, which gradually decreased to 4.6% and 18.3%
at the end of reaction (Fig. 4a). The authors suggested that the presence of As(V) significantly
affected the growth of bacterial cells till the second day of exposure, and then most of the organisms
had been adapted to the As(V) stress environment, resulting in a decrease in the growth inhibition
rates to their lowest levels (Xie et al., 2013).

In turn, the presence of bacteria influenced the adsorption of As on soil particles. As shown in

Fig. 4b, the adsorption occurred rapidly during the first 7-days, and then gradually increased at the

12
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end of exposure. For instance, the estimated As(IIl) concentrations in these three soils were 12.5
mmol/kg, 17.1 mmol/kg and 18.5 mmol/kg at the first day, and reached 15.7 mmol/’kg, 22.5 mmol/kg
and 26.2 mmol/kg at 28 days for S1, S2 and S3, respectively. The results for As(V) were 15.5
mmol/kg, 24.5 mmol/kg and 25.5 mmol/kg at the first day, and 28.1 mmol/kg, 44.3 mmol/kg and
51.3 mmol/kg at 28 days for S1, S2 and S3, respectively. It can also be found that the amounts of
As(IIT) and As(V) adsorption on S3 were significantly higher than those of S1 and S2 at any exposure
time, which were attributed to the fact that S3 contained higher amount of clay (45.5%) and Fe>O3
(4.68%) than S1 with 7.2% clay and 3.16% Fe>O3, and S2 with 11.0% clay and 3.95% Fe>Os. These
soil properties can enhance the adsorption of As on soil. Xie et al. (2013) suggested that bacteria can
change their shape, activate detoxifying processes and strengthen antioxidant defense systems in order
to adapt to an environment with high As contamination. It can be concluded that bacteria could reduce
the adsorption affinity of As on soils because As(V) could be reduced to As(IIl) under the impact of
bacteria, then As(IIl) was released from solid phase into solution (Xie et al., 2018).
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Fig. 4. Interactions between bacteria and As adsorption. A) Effect of As(V) on the growth inhibition
rate of bacteria (Xie et al., 2013); b) effect of bacteria on As(V) and As(III) adsorption on different soils
during 28-day of exposure, modified from the results of Xie et al. (2018).

3.5. Ionic strength
The effect of ionic strength on As sorption on soils varied between As(V) and As(IIl). The

adsorption of As(V) ions increased with ionic strength at pH > 5.0, but was not significantly affected
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by ionic strength at pH < 5.0 (Antelo et al., 2015). In contrast, ionic strength had a relatively small
effect on As adsorption (Williams et al., 2003). Renkou et al. (2009) showed that increasing ionic
strengths resulted in higher As(V) adsorption and lower As(III) adsorption on the two soils
investigated under acidic condition, whilst the amount of adsorbed As(III) increased with increasing
solution pH. Antelo et al. (2015) reported that As(V) adsorption on ferrihydrite was influenced by the
presence of Ca®* ions at relatively high pH values (> 8) while not influenced at pH < 8.0 due to the
weak adsorption of Ca®*. The rate of As(V) adsorption increased by up to 30% when the concentration
of Ca** was increased from 0.3 mM to 6.0 mM at pH 10.2. As shown in Fig. 5a, Smith et al. (2002)
compared the effects of Ca** and Na" on As(1II) and As(V) adsorbed onto Alfisol soil, with Ca®"
having a greater influence on the adsorption of both As(IIT) and As(V) than Na*. For example, the
maximum adsorption of As(IIl) and As(V) in the presence of 0.1 mmol Ca(NO3), was 0.50 mmol/’kg
and 1.85 mmol/kg, higher than 0.40 mmol/kg and 1.30 mmol/kg in the presence of 0.1 mmol NaNOs,
respectively. In addition, the results showed that the adsorption of As(V) was significantly higher
than that of As(III) (Fig. Sb). In general, the ionic strength had a marginally positive effect on As

sorption on soils during both physisorption and chemisorption.

b
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Fig. 5. a) Effects of Na" and Ca*" on As(III) and As(V) adsorption on soil (Smith et al., 2002); b)
effects of anion competition from COs> and PO4> on As(V) adsorption on soil (Williams et al.,

2003).
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3.6. Anion competition

As adsorption generally decreased with the presence of anion competition (Alloway, 2013).
Sharing the same chemical characteristics, the presence of PO4* ions significantly decreased the
adsorption of As(V) through the competitive adsorption of As(V) and PO4>" on minerals and soils
(Selim, 2012; Williams et al., 2003) due to the positively-charged surface of soils and iron oxides
(Jiang et al., 2017). As(V) adsorption on bulk soils greatly decreased within the pH 3.0-4.5 with the
presence of phosphate (Jiang et al., 2017). Similar effect of phosphate on As(III) sorption was found
on the Alfisol and Oxisol soils in Australia (Smith et al., 2002), in which the amount of As(III)
adsorption in soil decreased from 0.38 mmol/kg to 0.1 mmol/kg at an equilibrium As(III)
concentration of 0.2 mmol/L in the presence of phosphate in solution. The effect of phosphate on As
adsorption varied in different soils. For example, at 12.0 pg/L As concentration, the adsorption of
As(V) and As(III) on soil from Beijing was 1.75 mg/kg and 1.16 mg/kg in the absence of phosphate,
which was reduced to 0.75 mg/kg and 0.33 mg/kg in the presence of phosphate, respectively (Feng
et al., 2013). Zhang et al. (2004) found that the presence of phosphate had a significantly negative
effect on As adsorption while sulphate and chloride contents slightly enhanced the adsorption.
However, the concentration of PO4> exhibited less effect on both As(V) and As(III) adsorption on
soil from Hainan, China (Feng et al., 2013). Other anions presenting in soil solutions at higher
concentrations such as CO3*, CI, SO4* and NOs™ had a relatively small effect on As(V) adsorption
(Alvarez-Benedi et al., 2005; Huang 2018; Williams et al., 2003). Fig. 5b compared the effects of
COs* and PO4+* due to the anion competition for As(V) adsorption onto soil (Williams et al., 2003).
Of different anions, it was found that COs* slightly reduced the adsorption of As(V) on soil at
different pH values, while PO4>~ had significantly reduced As(V) adsorption by 110-128 mg/kg at pH
4.5-8.0. Such results were explained by Welch and Stollenwerk (2003) as due to sulphate adsorbed
via electrostatic attraction acting as an outer-sphere complex in the presence of net positive surface

charge on soil. As a result, phosphate ions have shown strongly negative effects on As(IIl) and As(V)
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adsorption (Zeng et al., 2012) via chemisorption while other anions reduce As adsorption through

physisorption.

3.7. Initial As concentration, adsorbent dose and contact time

The initial concentration of arsenic in solution, adsorbent dose and contact time are considered
as important parameters influencing the adsorption of As (Matougq et al., 2015). In general, increasing
initial concentration of As(V) or As(IIl) in solution leads to high rate of adsorption (Wang et al.,
2018). The adsorption of As(V) on sediment in Wuhan, China was higher than that of As(III) at high
initial As concentrations, particularly below 3.33 umol/L As (Wang et al., 2018). However, Yolcubal
and Akyol (2008) observed the opposite results that the degree of As(V) sorption in carbonate-rich
soils at equilibrium in batch experiments decreased with increase in As(V) concentrations (0.1-200
mg/L). Regarding adsorbent dose, the adsorption efficiency of natural clay and clay/Fe-Mn composite
for As(V) rapidly increased from 41.32% to 94.76% and from 47.27% to 98.82% with adsorbent
concentration increasing from 0.25 to 2.0 g/L, respectively (Foroutan et al., 2019), although the
adsorption efficiency did not show significant changes when the adsorbent dose was higher than 1.5
g/L. In addition, Zhang et al. (2004) found that the residual As(V) concentration decreased from 1.0
mg/L to below detection limit when the amount of adsorbent (iron ore) was increased from 0 to 5.0
g/L.

The adsorption of As from batch experiments displayed a strong time-dependent kinetic behavior
(Selim, 2012). Adsorption process exhibited a rapid rate at the initial stage, e.g. within the first 24 h
(Guo et al., 2007; Zhang et al., 2004), 48 h (Williams et al., 2003) or seven days (Xie et al., 2018),
followed by a slower or stable rate over the next several weeks (Williams et al., 2003). Based on the
laboratory batch experiments, As adsorption reached 99.0% and 98.7% for soils from Beijing and
Hainan, but only 34.0% for soils from Jilin, China after two hours of reaction during which the
adsorption capacities of As(V) and As(III) reached 386 mg/kg and 458 mg/kg with a contact time of

194 h (Guo et al., 2007; Feng et al., 2013). The adsorption amount of As(IIl) on irrigated soils
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achieved 33% within the first hour of contact, with further adsorption of 9.4% in the following 23 h

(Huang et al., 2013).

3.8. Soil texture

Guo et al. (2007) reported that As adsorption on the fine grains (0.10-0.25 mm) of natural siderite
was higher than on the coarse ones due to their greater surface areas. A study by Alvarez-Benedi et
al. (2005) showed that the amount of As adsorbed in the sandy clay loam soil with a large surface
area was significantly higher than in the loamy sand soil. In addition, the grain size influenced the
adsorption of As species (Guo et al., 2007). For instance, greater As(III) adsorption occurred with the
grain size fractions of 0.04-0.08 mm and 0.25-0.50 mm than that of As(V) while the opposite trend
happened with the grain size fraction of < 0.04 mm. According to Xie et al. (2018), the adsorption
capacity decreased in accordance with particulate texture, i.e. clay loam > loamy sand > silty sand
and was higher for As(V) than for As(Ill) in the presence of bacterial activity. Smith et al. (2006)
reported that As concentrations on soils from South Australia decreased from 256-1389 mg/kg on clay
fraction (0-2 um) to 170-675 mg/kg on sand fraction (250-2000 um). However, Jiang et al. (2005a;
2005b) did not observe any relationship between the changes of clay contents and As(V) adsorption
when they studied the adsorption of As(V) on 16 soils in China. In addition, there was no significant
correlation between the proportion of particulate grain size and total As content in the study of
Varsanyi and Kovacs (2006). However, Smith et al. (2006) reported that the total As concentrations
increased markedly with decreasing particle size as sand < silt < clay, with increasing As
concentration generally correlated with increasing Fe concentrations (r> = 0.57). Hence, a high

proportion of clay fraction would enhance the adsorption of As on soils.

3.9. As speciation
The adsorption rates of As are influenced by its speciation, with faster rate of As(V) adsorption

than that of As(III) at low pH, and slower and similar rate to As(III) adsorption at high pH 9 being

17



382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

reported (Welch and Stollenwerk, 2003). The adsorption of As(V) on Olivier loam and Windsor sand
soils was higher than As(III) adsorption under varying conditions of As concentration, pH, and ionic
strength (Mohan and Pittman, 2007). The adsorption of As(V) on tropical soils and goethite was
stronger than that of As(IIl) (Goh and Lim, 2004; Huang, 2018), who reported that the percentages
of As(V) and As(I1I) adsorbed on the tropical soil increased from 83% and 50% after 8 h to 92% and
58% at 24 h, respectively. Regarding As species, the concentrations of As(I1I) and As(V) were highly
dependent on pH and redox conditions (Eh) in soil and water (Wang and Mulligan, 2006b). As(V) is
dominating under oxic conditions (Eh > 200 mV, pH 5-8) (Violante and Pigna, 2002), while As(III)
mainly occurs in reducing conditions (Wang and Mulligan, 2006a). As(V) reserves its stable redox
state under oxidizing conditions in soils (Goldberg et al., 2005), and as a result, As(V) species has
been widely investigated in adsorption on soils (Alvarez-Benedi et al., 2005; Arco-Lazaro et al., 2016;
Fan et al., 2020; Farrell 2017; Gedik et al., 2016; Goldberg and Suarez, 2013; Gustafsson, 2006; Jiang
et al., 2005a, b; Jiang et al., 2017; Luo et al., 2019; Williams et al., 2003; Yolcubal and Akyol, 2008;
Zhang and Selim, 2005). Both As(II) and As(V) have been studied to evaluate the adsorption-
desorption mechanisms under different controlling factors (Deng et al., 2018; Dousova et al., 2012;
Feng et al., 2013; Guo et al., 2007; Mishra and Ramaprabhu, 2012; Qiu et al., 2018; Renkou et al.,
2009; Wang et al., 2018), although only a few studies focused on As(III) sorption (Caporale et al.,
2013; Huang et al., 2013). The mechanism for contaminant adsorption by a solid surface can be used
to explain the difference of As speciation adsorbed on soils. There are three common adsorption
mechanisms including outer-sphere surface complexation, physisorption inner-sphere complexation,
and chemisorption (Welch and Stollenwerk, 2003). The complex bonds of inner-sphere are stronger
than those of outer-sphere because the electrostatic attraction between a charged surface and an
oppositely charged ion in solution involved in outer-sphere is weaker than the formation of a
coordinative complex with the mineral surface involved in inner-sphere. Consequently, As(V)
adsorption on soil via chemisorption is stronger than As(III) adsorption via physisorption (Ma et al.,

2015). The results (Fig. 6) illustrate that As(V) adsorption was higher than As(III), which agree with
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the results from Fendorf et al. (2010).

3.10. Bioavailability of As in soils

Bioavailability of As is dependent on several factors including soil properties, adsorption and
desorption processes, plant species and microbial processes (Akter et al., 2005). The soil factors
include clay content, SOM, texture, pH, Eh, cation exchange capacity, oxides and hydroxides of Fe,
Al and Mn (Akter et al., 2005). According to Yang et al. (2002), Fe oxide content and pH were the
most important soil properties influencing the bioavailability of As on aging. They reported that high
Fe oxide content and low pH (< 6) significantly reduced As bio-accessibility over 6 months, while
As could become more bioavailable with soil pH > 6. The study also found that the mean initial bio-
accessibility of As(V) in 36 soils was 43.6% at the beginning of adsorption, then reduced marginally
to 40.1%, 36.5%, 35.6% and 33.0% after 1, 2, 3 and 6 months, respectively. Adsorption process is
also able to reduce the mobility and bioavailability of As in soils. For instance, As(III) was more
bioavailable than As(V) at higher pH due to stronger adsorption affinity of As(V) on metal oxides,
especially Fe oxides (Akter et al., 2005). Plant species are generally able to accumulate part of As
concentrations in soils to their root and translocate to shoot and grains (Neidhardt et al., 2015). The
amount of As accumulation depends on the accumulation and translocation ability of the plants
(Huang et al., 2006). The uptake mechanisms of As(IIl) and As(V) occur in different ways. For
example, rice plants can accumulate As(III) in their shoots through silicon uptake pathway (Fleck et
al., 2013), while plants uptake of As(V) is through phosphate transport channels (Bhattacharya et al.,
2021). As(IIT) can be removed by microorganisms such as bacteria, fungi and algae which can reduce
As(V) to As(IIT) (Akter et al., 2005) and release As(IIl) from soil to solution (Xie et al., 2018),
resulting in less bioavailability of As in soils as long as there is no limitation to soil drainage. Hence,
As(IIT) is more mobile while As(V) is more bioavailable in soils due to its negative charge and
stronger retention in soils (Lombi and Holm, 2010).

Therefore, As adsorption is highly dependent on soil properties such as pH, texture, clay minerals
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and environmental factors namely initial As solution, sorbent dose and reaction time (Huang et al.,
2013). Dias et al. (2009) suggested that iron oxide content was the most important soil parameter
affecting As(III) adsorption on soils, while soil textures including sand, silt and clay fractions were

the most important factors for As(V) adsorption on soils.

4. As adsorption isotherm models

The Langmuir and Freundlich isotherm models have been widely applied for As sorption as these
models can provide a good fit of results under a range of different conditions. According to Ghosal
and Gupta (2017), the Langmuir isotherm is most applicable for the chemisorption process since it is
primarily used for unimolecular adsorption with the assumption of monolayer surface coverage,
independent and homogeneous sorption and energy, whilst the Freundlich isotherm exhibits the
physical adsorption which was developed for the heterogeneous surface with non-uniform
distribution of adsorption heat and unrestricted monolayer coverage.
4.1. The Langmuir isotherm model

The Langmuir adsorption isotherm is expressed in Eq. (1) (Matougq et al., 2015):

K1.qmCe
14K Ce (1)

de =
where C. is the equilibrium concentration of arsenic in solution (mg/L or mmol/L), g. is the amount
of arsenic sorbed by soil (mg/kg or mmol/kg) at equilibrium, g, is the maximum adsorption capacity

(mg/kg or mmol/kg), K; is the Langmuir isotherm constant (L/mg or L/mmol).

The linear form of the Langmuir isotherm is described as:

Ce 1 1
fe — + —C 2
de Krqm dm e ( )

The values of Langmuir parameters ¢» and K; are calculated form the slope and intercept of the
linear plot C./g. versus C. (Matougq et al., 2015). Based on the data from previous studies, Fig. 6a and
6b illustrates the maximum Langmuir adsorption capacity (g») values of As(IIl) and As(V) on
different soils. The selected soils were classified by the USDA soil classification system (Garcia-
Gaines and Frankenstein, 2015). The average values of ¢, for As(III) ranged from 225 mg/kg on sand
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soil to 2998.2 mg/kg on loam soil (Fig. 6a), while the results for As(V) varied between 114.8 mg/kg
on silty clay soil and 14950.3 mg/kg on sandy loam soil (Fig. 6b). The highest values of g, for As(I1I)
and As(V) were found on loam soil (8901 mg/kg) and sandy loam soil (42400 mg/kg), respectively.

The results show that the maximum soil adsorption capacities were significantly higher for As(V)

than for As(I1).
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Fig. 6. The minimum, mean and maximum values of the Langmuir adsorption capacity (gx) of As(III)
and As(V) adsorption on different soils. Data from Arco-Lazaro et al. (2016), Dias et al (2009), Fan
et al. (2020), Gedik et al. (2016), Huang et al. (2013), Jiang et al. (2005a), Kumar et al. (2016), Luo
et al. (2019), Zhang and Selim (2005).

Among different isotherm models, the Langmuir isotherm model exhibited better fit to metal and
metalloid adsorption data than the Freundlich isotherm (Jiang et al., 2005a; Matouq et al., 2015).
According to Gedik et al. (2016), the Langmuir isotherm model was a better fit than using the
Freundlich isotherm model based on statistical correlation with soil properties governing adsorption

for the entire range of As(V) concentrations for different soils. Both Langmuir and Freundlich
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isotherm models showed very good fit of As(III) and As(V) adsorbed on soil with 1 values > 0.80
(Dousova et al., 2012; Goldberg and Suarez, 2013; Ma et al., 2015; Wang et al., 2018). Gedik et al.
(2016), Jiang et al. (2005b) and Luo et al. (2019) stated that the Langmuir isotherm model provided
the best fit for all As(V) concentrations based on statistical correlation with soil properties governing
adsorption such as pH, Eh, organic matter, As concentration, and Fe, Al and clay content. The
Langmuir equation (1) is widely known as the Langmuir one-surface equation with hypothesis that
the binding energy for a particular metal or metalloid is the same at all adsorption sites on soils
surfaces (Jiang et al., 2005a). However, in some cases, the plots using the Langmuir one-surface
equation for adsorption data were divided into two straight line portions with different gradients,
indicating that two different types of adsorption sites were available.

In order to cope with hypothesis of two different types of adsorption sites, the Langmuir two-
surface equation was developed to plot the adsorption data for both relatively high- and low-energy

surface adsorption sites (Jiang et al., 2005a) as follows:

Kr1qmiCe K12qm2Ce (3)
1+Kp1Ce 1+Kjp,Ce

Ge =
where g, and Kr; represent the adsorption maximum and adsorption equilibrium constant for the
low-energy surface, and g2 and K > are the adsorption maximum and adsorption equilibrium constant
for the high-energy surface. The total adsorption maximum capacity (g») is written as (Jiang et al.,
2005a):

qm = qm1 T qm (4)

The Langmuir maximum sorption capacity and the isotherm constants from the experimental data
vary with the controlling factors. For instance, the variation of the maximum As(V) sorption capacity
of low and high energy surfaces calculated by using a two-surface Langmuir equation in 16 Chinese
soils was 83% and 68%, respectively (Jiang et al., 2015b). Similarly, due to the effect of 0.5 mmol/L
Fe(OH)s colloids, the maximum percentage adsorption of As(V) and As(IIl) was 95% and 64% on

soil from Beijing and 53% and 36% on soil from Jilin, China, respectively while the percentages

reached 98% and 76% for As(V) and As(III) on soil from Hainan, China when Fe(OH); concentration
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was lower than 0.01 mmol/L (Feng et al., 2013). The results of Feng et al. (2013) also indicated that
As adsorption on three soils in China was favored at high temperature. The adsorption capacities (gm)
determined from the Langmuir model increased from 13.22 mg/kg to 16.37 mg/kg, 9.96 mg/kg to
19.46 mg/kg and 23.27 mg/kg to 27.08 mg/kg for soils from Beijing, Jilin and Hainan, China when
the temperature was increased from 283 K to 323 K. Kundu and Gupta (2006) showed similar results
for both As(V) and As(III) adsorption capacities onto iron oxide-coated cement under three
temperatures (288 K, 298 K and 308 K). In addition, adsorption maximum of As(V) calculated by
the Langmuir equation increased with reaction time from 92.2 mg/kg, 263.0 mg/kg and 169.2 mg/kg
in the first 6 h to 418.2 mg/kg, 742.0 mg/kg and 554.9 mg/kg at 504 h for Olivier loam, Sharkey clay
and Windsor sand, respectively (Zhang and Selim, 2005). For As(III), the maximum adsorption on
irrigated soil was 368 mg/kg (Huang et al., 2013).

Generally, the maximum Langmuir adsorption capacities of As(III) were higher than those of
As(V), e.g. 1040 ng/g vs 520 ng/g by natural siderite (Guo et al., 2007), 180.3 mg/g vs 172.1 mg/g
by iron oxide-graphene (Mishra and Ramaprabhu, 2012), and 7.7 mmol/kg vs 5.0 mmol/kg by natural
soil (Dousova et al., 2012) for As(III) and As(V), respectively. However, Wang et al. (2018) reported
a higher maximum adsorption capacity of As(V) at 6.949 pmol/g than for As(III) at 4.044 pmol/g by
lake and river sediments in China.

During the two types of surface modelling, Jiang et al. (2005b) established the relationship
between the adsorption maximum, two-surface adsorption sites, and soils properties by using
stepwise multiple linear regression. The best regression models describing the relationship between
the adsorption maximum on the low-energy surface (gn1), high-energy surface (g»2) and individual

soil properties are described in Table 2.

Table 2. The stepwise regressions for As(V) adsorption maximum capacity on low-energy surface

(gm1) and high-energy surface (g.2) (Jiang et al., 2005b)

2

Model Multiple linear equation r Standard error

of the estimate
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The stepwise regression for g,

1 gmi1 = 0.050[Fecp] — 73.757 0.834 4841
2 gm1 = 0.040[Fecp] + 3.847[Clay] — 135.527 0.889  41.18
3 gmi = 0.034[Fecp] + 6.317[Clay] — 13.419[SOM] — 145.404 0.922  35.87
4 gm1 = 0.032[Fecp] + 6.758[Clay] — 10.228[SOM] — 0.096[DOC] — 116.190  0.938  33.45
The stepwise regression for gm»
1 gm2>=0.018[Fecp] — 55.141 0.682  26.69
2 gm2 =0.018[Fecp] — 0.093[DOC] - 13.117 0.810 21.41
3 gm2=0.019[Fecp] — 0.095[DOC] — 3.609[ As] + 9.549 0.876  17.92

Fecp: citrate-dithionite extractable Fe; DOC: dissolved organic carbon; As: total As.

The contents of Fecp, clay, SOM and DOC contributed to nearly 94% of the variability in As(V)
adsorption on the low-energy surface while Fecp, DOC and total As concentrations in soils accounted
for nearly 88% of the variability in As(V) adsorption on the high-energy surface. Table 2 shows that
the contents of Fecp and clay enhance the adsorption capacities of As(V) while SOM, DOC and total
As concentration reduce the adsorption capacities in both high- and low-energy surface sites. Thus,
the Langmuir isotherm model can provide a good fit of As adsorption in both high-energy and low-

energy adsorption sites.

4.2. The Freundlich isotherm model
The empirical equation of the Freundlich adsorption isotherm is most often used in the description
of adsorption (Aksentijevi¢ et al., 2012; Wang et al., 2018):
q. = Kr x C;" (5)
where Kr is the Freundlich constant or capacity factor (mg!"'™ L"/kg), while 1/n is the Freundlich
exponent.

The Freundlich isotherm model can be transformed to a linear form as:
Ing = InKp + —~InC, (6)
These isothermal constants are very important for understanding the mechanism of adsorption

(Aksentijevi¢ et al., 2012). The empirical constants Kr and 1/n represent the curvature and steepness
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of the isotherm, indicating adsorption capacity and intensity of the adsorption process. The values of
1/n ranged from 0 to 1 indicating the favorable adsorption of As onto adsorbents (Arco-Lazaro et al.,
2016; Guo et al., 2007). Fig. 6b exhibits the Freundlich constant or adsorption capacity (Kr) of As(III)
and As(V) adsorbed on soil. It can be seen that the average adsorption capacity for As(V) adsorbed
on soils was 359.7 mL/g (n = 11), which is over ten times that of As(II) at 33.1 mL/g (n = 10).
Similar to the Langmuir adsorption capacity (gm), the Freundlich adsorption constant Kr
increased from 1.94 to 4.71 (mg/kg) (L/mg)’”, 0.58 to 0.77 (mg/kg) (L/mg)”" and 3.59 to 5.38
(mg/kg) (L/mg)’" for soils from Beijing, Jilin and Hainan, China with the increase in temperature
from 283 K to 323 K (Feng et al., 2013). The linear adsorption constant (Ky) for As(V) adsorption on
saline-alkali soils varied between 86.0 mL/g and 157.1 mL/g (Luo et al., 2019). The study of Kumar
pointed out that the Freundlich isotherm model exhibited better results for As(V) adsorption on soils
than As(III) due to several low 1 values of regressions for As(III) at 0.03, 0.12 and 0.34, respectively.
Furthermore, Kundu and Gupta (2006) showed that the Freundlich isotherm model was a better fit
for both As(V) and As(III) sorption in linear and nonlinear systems at different temperatures (288, 298
and 308 K) compared to the Langmuir, Dubinin-Radushkevich (D-R) and Toth and Temkin isotherm
equations. The adsorption of As(V) was highly nonlinear with the Freundlich isotherm on Olivier loam,
Sharkey clay and Windsor sand soils (Zhang and Selim, 2005) and on carbonate-rich soils (Yocubal
and Akyol, 2008). Similarly, the Freundlich isotherm equation provided a better fit than the Langmuir,
Temkin and Dubinin-Radushkevich isotherm models (Huang et al., 2013), for As(III) adsorption
process in contaminated agricultural soil from an irrigated area, China. In another study, Guo et al.,
(2007) showed that the Freundlich isotherm exhibited a better fit than the Langmuir isotherm to the
experimental data for the smaller grain size of the natural siderite (0.10-0.25 mm), whilst the two models
were comparable for the grain size range of 0.25-0.5 mm. The study of Arco-Lézaro et al. (2016) also
showed the better fitting results of As(V) adsorption by soils using the Freundlich isotherm equation
than the Langmuir isotherm equation. Therefore, it can be concluded that the Freundlich isotherm model

can well describe the adsorption of both As(IIl) and As(V) on soil in terms of nonlinear systems.

25



573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

4.3. Modified Langmuir-Freundlich (MLF) isotherm model

Based on both Langmuir and Freundlich types for adsorption behaviour of As, a general form of
the Langmuir-Freundlich isotherm equation for As(V) adsorption was proposed (Jeppu and Clement,
2012):

_ Qm(KqC)Y™
Te = Kacor/mr D

where O, is the maximum adsorption capacity of the system (mg/g), K. is the affinity constant for
adsorption (L/mg), 1/n is the index of heterogeneity which varies from 0 to 1.

Mathematically, when 1/n is set to 1, Eq. (7) is simplified to:

KaCe

e = Qm— (8)

+ KqCe
Eq. (8) is identical to the Langmuir isotherm with a pH-dependent sorption capacity value. When C,
or K, reaches a low value, Eq. (7) will be reduced to a Freundlich type expression.

Using the experimental data of As(V) adsorption, Jeppu and Clement (2012) plotted the
relationship between affinity constant (K,) against pH for goethite-coated sand (Eq. 9) and pure
goethite (Eq. 10):

log K,=-0.73 pH +5.8 9)
log K. =-0.95p H+7.35 (10)

Eq. (9) showed that the value of log K., decreased linearly with increasing pH, which was
explained by the increase in positively charged surface species (>FeOOH,") expressing higher
affinity for adsorbing the negatively charged As(V) ions (Jeppu and Clement, 2012). As a result, the
model parameters (QOm, 1/n) estimated for MLF isotherm were 0.097 and 0.412 for goethite-coated
sand and 10.5 and 0.333 for pure goethite, respectively. Subsequently, the MLF model was
successfully used to predict the experimental pH edges observed at four different initial As(V)
concentrations (7.5, 3.8, 1.9 and 0.75 mg/L) for As(V) adsorption on pure goethite (Jeppu and

Clement, 2012).
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In summary, the Langmuir model assumes the adsorption occurring on a homogeneous adsorbent
surface, while the Freundlich model describes multi-layers of adsorption process (Ma et al., 2015).
Neither Langmuir nor Freundlich isotherm explains the mechanism of adsorption, whilst Temkin and
D-R isotherms can (Kumar et al., 2016). The authors pointed out that the Temkin factors including
adsorption potentials (Ar) and constant for energy of adsorption (B) can illustrate the
thermodynamics of adsorbate-adsorbent interactions, specifically a uniform distribution of binding
energies via the function of temperature. The D-R isotherm uses a Gaussian energy distribution on a
heterogeneous surface, which considers a function of C. and temperature to express the adsorption
mechanism. It is assumed that the adsorption experiments of As(IIl) and As(V) on soils have been
conducted in different conditions leading to the large variation of maximum adsorption capacity (gm)
and adsorption capacity factor (Kr). However, both the Langmuir and Freundlich models have been
widely applied to evaluate the maximum adsorption capacity (g. or Kr) of adsorbents regardless of

controlling parameters.

5. Future perspectives and implications for managing As-contaminated soil

Based on the extensive literature review, this study has identified that the most highly As-
contaminated soil was found in Chihuahua region, Mexico with 116000 mg/kg of As, whilst the
highest Langmuir adsorption capacity of soils was 42400 mg/kg for Dunellen sandy loam from New
Jersey, USA (Dias et al., 2009). In addition, the most important control factors of As adsorption on
soil are soil pH, clay mineral and texture. Therefore, in order to manage soil contamination by As,
there are a few lessons that can be learnt. First, the sources of As contamination should be identified
as soon as feasible, in order to prevent further discharge (e.g. from mining sites) and movement of
contamination beyond the affected areas. Secondly, As contamination hotspots and chemical
speciation (As(III), As(V)) should be determined through well-designed field sampling and chemical
analyses with good quality control, to overcome the challenges of heterogeneity and uncertainty in

soil contamination investigations (Zhou et al., 2014). Thirdly, the fundamental properties of soil
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should be determined including pH, clay mineral and texture. Such detailed information will aid the
confirmation of dominating As species and sorption mechanism, such as As(V) in acidic and
oxidizing soil by chemisorption and As(III) in high pH and reducing soil by physisorption. Therefore,
the decontamination of As-contaminated soils can be achieved to a high standard using effective and
environmentally friendly technologies such as magnetic biochar (Wan et al., 2020) and electrokinetic
technology incorporating reactive filter media (Ghobadi et al., 2021) which can simultaneously

remove multiple heavy metals from soil.

6. Conclusions

The extent of As contamination in soils globally has been systematically reviewed, with the
highest concentration of As contamination at 116000 mg/kg being reported in Mexico caused by
mining activities. Highly As contaminated mining soils were also reported in several European
countries and Iran. Soil pH, clay mineral and texture were the most important controlling factors
positively affecting the adsorption of As(Ill) and As(V) on soils. Other soil properties including SOM,
anions and bacteria had small and negative influences on As adsorption. The maximum adsorption
capacity was 230 mg/kg of As(III) for tropical soil at pH 7, and 1875 mg/kg of As(V) for paddy soil
at pH 3. Both Langmuir and Freundlich isotherms well described As adsorption in soils, with the
values of g being 45-8901 mg/kg for As(III) and 22-42400 mg/kg for As(V). Future studies should
be focused on comprehensive statistical analysis of large datasets of As contamination levels in
relation to a full range of soil properties under contrasting hydrogeological conditions, in order to
unravel the most critical fundamental control of As contamination in the soil environment. Such
detailed assessment will enable the remediation of As-contaminated soils to be more targeted and

effective.
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