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Abstract

The adsorption of inorganic arsenic (As) plays an important role in the mobility and transport
of As in the river environment. In this work, the adsorption and desorption of arsenite [As(I11)]
and arsenate [As(V)] on river sediment were conducted under different pH, initial As
concentrations, river water and sediment composition to assess As adsorption behavior and
mechanism. Both adsorption kinetics and equilibrium results showed higher adsorption
capacity of sediment for As(V) than As(l11). Adsorption of As(l11) and As(V) on river sediment
was favored in acidic to neutral conditions and on finer sediment particles, while sediment
organic matter marginally reduced adsorption capacity. In addition, higher adsorption affinity
of As(I11) and As(V) in river sediment was observed in deionised water than in river water. For
the release process, the desorption of both As(111) and As(V) followed nonlinear kinetic models
well, showing higher amount of As(l11) release from sediment than As(V). Adsorption isotherm
was well described by both Langmuir and Freundlich models, demonstrating higher maximum
adsorption capacity of As(V) at 298.7 mg/kg than As(l11) at 263.3 mg/kg in deionised water,
and higher maximum adsorption capacity of As(l11) of 234.3 mg/kg than As(V) of 206.2 mg/kg
in river water. The XRD showed the changes in the peaks of mineral groups of sediment whilst
FTIR results revealed the changes related to surface functional groups before and after
adsorption, indicating that Fe—O/Fe—OH, Si(Al)-O, hydroxyl and carboxyl functional groups
were predominantly involved in As(l1l) and As(V) adsorption on sediment surface. XPS
analysis evidenced the transformation between these As species in river sediment after
adsorption, whilst SEM-EDS revealed higher amount of As(V) in river sediment than As(l11)

due to the lower signal of Al.

Keywords: Arsenic adsorption; Adsorption Kinetics; Adsorption isotherm; River sediment;

Sediment functional groups
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1. Introduction

Arsenic (As) is a highly toxic element, and its contamination in soils, sediments, surface
water and groundwater has been widely monitored due to significant threat to plants, animals
and human health (Dousova et al., 2012). Natural and anthropogenic processes cause an
increasing amount of As into sediments and water environment (Goldberg and Suarez, 2013;
Zhang and Selim, 2005). Anthropogenic activities are the main sources of As contamination in
soils and sediments (Dousova et al., 2012), among which mining is the second largest source
contributing to highly contaminated As levels in the environment. As exists in the natural
environments in two main soluble forms, i.e. arsenate [As(I11)] and arsenite [As(V)] (Arco-
Léazaro etal., 2016). As(111) is predominant under reducing conditions, while As(V) is prevalent
under oxidizing conditions (Dousova et al., 2012). High abundance and toxicity of inorganic
arsenics have received major attention from scientists to examine As transportation behavior
(Wang et al., 2018).

Adsorption is a key process regulating As transport in the aquatic environment. Adsorption
kinetics, mechanisms and controlling parameters such as pH, phosphate, temperature, sediment
organic matter (SOM), texture, and clay minerals have been studied (Arco-Lazaro et al., 2016;
Dousova et al., 2012) for a better understanding of As sorption mechanisms. The effect of pH
on As adsorbed on sediments has been investigated by Ma et al. (2015), who indicated that the
amount of As(I11) and As(V) adsorbed on sediment increased when pH decreased from 9 to 5.
Adsorption of As is highly dependent on sediment properties (Xie et al., 2018) and
environmental conditions. SOM has shown negative impacts on As adsorption, whilst small
particle size of sediment enhances As adsorption on soils (Nguyen et al., 2021). Wang and
Mulligan (2006) suggested that humic and fulvic acids had a high affinity for adsorption to the
metal (hydro)oxide surface, resulting in competition with As(111) and As(V) for adsorption on
the sediment surfaces. However, the authors explained that As(I1l) and As(V) ions may be

strongly bound with the formation of SOM-metal complexes through metal-bridging
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mechanisms, through which these As species form aqueous complexes with humic and fulvic
acids. In addition, SOM could control the release of As(V) from solid phase regardless of the
adsorption mechanism (Grafe et al., 2001). Varsanyi and Kovacs (2006) showed a strong
correlation between As and sediment organic carbon (SOC) at low SOC (0.04%) and high Fe
(4.91 g/kg) concentrations, but no such correlation was observed at high SOC (0.775% and
0.810%) and low Fe (0.09% and 0.29%) concentrations. Therefore, the effect of SOM on
As(111) and As(V) adsorption on sediment is still not entirely clear. Regarding the grain size of
sediment, Dias et al. (2009) considered sediment textural fractions as the most important
parameter influencing As(V) adsorption on sediments. Smith et al. (2006) and Xie et al. (2018)
found that the adsorption of total and inorganic As species [As(I11) and As(V)] on sediments
increased with decreasing particle size, with sand < silt < clay. For instance, the adsorption
capacity of As(l11) on sediments increased from 1.57 mmol/kg to 2.62 mmol/kg for sandy and
clay types, and from 2.81 mmol/kg to 5.13 mmol/kg for As(V) (Xie et al., 2018). Hence, the
adsorption of As(lll) and As(V) on different sediments has been studied; however, the
contribution of different sediment size fractions still needed further investigation.

The adsorption and desorption rates of As on sediments were studied by Xie et al. (2018).
They found that the adsorption of As(I11) and As(V) occurred rapidly during the first two days,
slowed down in the next five days, and then became relatively stable until 28 days. Similarly,
the release of As from sediment into water rapidly decreased after seven days, followed by a
slow rate. Furthermore, the desorption rate of As(ll1) reached a maximum of 60% which was
higher than that of As(V) at 40% (Xie et al., 2018). Overall, As adsorption from water and its
controlling factors have been widely investigated. Recent studies on the interactions between
As species and adsorbent surfaces indicated that As(V) mainly interacted with COOH, O-H and
Fe-O functional groups of soils (Rawat et al., 2022), while As(I11) adsorption on microplastics
mainly occurred via hydrogen bond of carboxyl group (Dong et al., 2019; 2020). Up to now,

the study on As desorption has been limited to soils, though this desorption process and
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consequent As migration to the environment are of great importance (Feng et al., 2013).

In river sediments, As predominantly exists as arsenite [As(l11)] in the anoxic zone, and as
arsenate [As(V)] in the oxic surface layer (Dousova et al., 2012). The average abundance of As
in the crustal earth is 1.5 mg/kg, ranging from <1 to 15 mg/kg in alluvial sands, glacial till, lake
sediments and soils (Plant et al., 2005). According to Hettiarachchi et al. (2017), only inorganic
species were present in mangrove sediments located in southeast New South Wales, Australia.
As contamination in river sediment can cause tremendous harm to living organisms, even at
low concentrations (De Jonge et al., 2012; Tang et al., 2017). Adsorption and desorption are
key geochemical processes in river environments regulating As transport and fate in river
systems. River sediments play a vital role in removing As from contaminated water, and can
also act as a secondary pollution source releasing As into the surface water and groundwater
(Chenetal., 2017; Lou et al., 2017).

The adsorption behavior of As on sediments has been reported (Dousova et al., 2012;
Goldberg and Suarez, 2013; Ma et al., 2015); however, the contribution of sediment
physicochemical characteristics to As adsorption or retention is still not clear. Therefore, the
interactions between As species and river sediment were investigated in this study in order to
develop better understanding and sustainable management strategies for arsenic contaminated
sediments. Therefore, this paper aims to examine the adsorption kinetics, adsorption isotherms

and adsorption mechanisms of As(l11) and As(V) on river sediment under different conditions.

2. Materials and methods

2.1. Chemical standards

Multi-element standard solution 4 for ICP (40 mg/L of As) was supplied by Sigma-Aldrich Pty
Ltd, Australia. The solution was diluted by Milli-Q water with a resistivity of 18 MQ. All
chemicals were of analytical grade. Sodium arsenate dibasic heptahydrate (NazHASO4-7H20)

and sodium arsenite (NaAsO>), purchased from Sigma-Aldrich Pty Ltd, were dissolved with
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Milli-Q water to obtain As(lll) and As(V) stock solution (100 mg/L). The phosphoric acid
(H3PO4, 85% wiw) and hydroxylamine hydrochloride (NH2OH-HCI, 99% purity) were also
obtained from Sigma-Aldrich Pty Ltd. Then, the solutions of 1.0 M phosphoric acid and 0.2 M
hydroxylamine hydrochloride were prepared by diluting their original standard solutions with
Milli-Q water. All plasticware and glassware were soaked in 2% (v/v) HNOg, followed by repeated

rinsing with deionized water, then were dried before use.

2.2. Field sampling

Bargo River, New South Wales, Australia receives treated wastewater due to coal mining
activities from the Teatree Hallow (Supplementary Materials Fig. S1). Bargo River water was
not determined as polluted, whilst river sediment was reported as unpolluted to moderately
polluted with heavy metals due to mining activity (Ali et al., 2018). Therefore, Bargo River
sediment was chosen as natural adsorbent for As sorption and desorption experiments. The
Teatree Hallow river receives treated wastewater from underground coal mining activity and
discharges to Bargo River at the point (34°14°35.1S; 150°35°16.7”E). Samples were collected
at the bottom of the Bargo River, about 3.5 km from the junction point with the Teatree Hollow.
Clean 5-L plastic containers were rinsed three times by river water, then filled up by river water,
sealed before transporting to the laboratory and kept at room temperature for
adsorption/desorption experiments. In addition, clean 200-mL plastic bottles were rinsed three
times before filling up by river water, then sealed by caps. The bottles were stored in a cool box
at 4 °C when transferring to the laboratory for analysing the concentrations of As compounds.
The sediment samples were packed in sealed polyethylene bags, then stored in a cool box at 4
°C when transferred to the laboratory. The sediment samples were dried in an oven at 105 °C

for 24 h, then passed through 2-mm sieve before further analysis.
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2.3. River water and sediment characterization

River water was analysed in triplicate to determine the concentrations of metals (As, Fe, Al, Ni,
Cu and Pb) by ICP-MS (Agilent 7900) and total organic carbon (TOC) content by multi N/C
3100 TOC analyzer by Analytik Jena, Germany. The content of SOM was determined by the
loss-on-ignition (LOI) method, by sediment combustion at 550 °C, according to Hoogsteen et
al. (2018). The combusted sediment was named as river sediment without organic matter (RS-
NOM). In addition, the river sediment was fractionated by sieving through a series of sieves to
obtain gravel and coarse sand (fraction Sz, 300-2000 um), medium sand (fraction S,, 150-300
um), fine sand (fraction Sz, 75-150 um), and clay-silt (fraction Ss, < 75 pum). The specific
surface area (SSA) of the dried sediment and different sizes were measured by a Quantachrome
surface area analyzer using the Brunauer—Emmett-Teller (BET) method.

The extraction of As from sediment was conducted by following a method by Ellwood and
Maher (2003). Briefly, sediment (1.0 g) was accurately weighed into a 50-mL Teflon centrifuge
tube, to which 5 mL of phosphoric acid (1.0 M) and 5 mL of hydroxylamine hydrochloride (0.2
M) were added. The samples were shaken on a horizontal shaker at 120 rpm for 1 h before
centrifugation. Aliquots of the supernatant were removed and filtered through 0.45 um filters
before As analysis. According to Ellwood and Maher (2003), around 90% of extractable As

was obtained by using this method.

2.4. Batch experiments for adsorption and desorption

The adsorption of As(111)/As(V) was assessed for different sediments including dried river sediment
(RS), RS-NOM, and four particle size fractions including Si1, Sz, Sz and Sa. The stock solution of
100 mg/L of As(l11)/As(V) was diluted by Milli-Q water to obtain 0.1-10 mg/L solution. The
adsorption kinetics experiments were conducted by mixing 200-mL of As(I1l) or As(V) (0.1-
10.0 mg/L) with 2.0 g of sediment, which were mixed on a shaker at 120 rpm. During adsorption,

2 mL suspension samples were taken at regular intervals (3, 6, 12, 24, 72, 120, 168 h), filtered by
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a 0.45 um membrane filter, and analyzed for total As by ICP-MS (Agilent 7900). The adsorption
of As(Ill) or As(V) was evaluated by monitoring the decrease of arsenic concentration in
solution.

For the adsorption isotherm experiments, a series of As(l11)/As(V) solutions with different
initial concentrations (0.1, 0.25, 0.5, 1.0, 2.0, 5.0 and 8.0 mg/L) were prepared by diluting the
stock solution (100 mg/L) with Milli-Q water. Then, sediment (2.0 g) was mixed with 200 mL
of As solution in 500 mL beakers, which were shaken on a horizontal shaker at 120 rpm for 7
days. The pH of feeding solutions was adjusted to 4 + 0.2 and 10 £ 0.2 by diluted nitric acid
(0.1 M HNO3) and sodium hydroxide (0.1 M NaOH) at the initial time of adsorption

The desorption experiments were conducted immediately after the completion of
adsorption process of As(l11) and As(V) on RS. The supernatant was removed and replaced by
200 mL Milli-Q water, the vials resealed and shaken at 120 rpm for 48 h. Aliquot (3 mL) was
sampled from the supernatant at different reaction times (3, 6, 12, 24, 72, 120 and 168 h), then
filtered and analyzed for total As concentration using ICP-MS (Agilent 7900). The fractions of
As(111) and As(V) desorbed from RS were calculated from the mass balance results based on

the changes in As(l11) and As(V) concentrations in solution before and after desorption.

2.5. Sediment surface functional groups and minerals

The sediment samples were ground to fine power before analysis. The FTIR spectra (500-4000
cm™) of different sediments including RS, RS-NOM and sediment fractions before and after
adsorption of As(l11) and As(V) were analyzed by using Shimadzu MIRacle 10 (Japan) in order
to investigate sediment surface sorption mechanisms. Additionally, sediments were analyzed
by the X-ray diffraction (XRD) on a Bruker D8 Discover XRD, to examine how crystalline
materials in sediments were involved in As interactions. River sediment surface before and after
adsorption was examined by scanning electron microscopy (SEM) and energy dispersive X-ray

spectroscopy (EDS) method by Oxford Aztec instrument, while X-Ray Photoelectron
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Spectroscopy (XPS) from ESCALAB™ QXi X-ray Photoelectron Spectrometer (XPS)

Microprobe, Thermo Scientific, UK was used to examine the surface of RS particles.

2.6. Kinetic and equilibrium sorption studies

Arsenic concentrations retained in the adsorbent phase (mg/kg) were calculated by following

formula:
Co—Cp)V
qp = o (1)
Co—Ce)V
qe = o )

where gt (mg/kg) and C (mg/L) are the concentrations of As(l11) or As(V) in sediment and solution
at time t; ge (mg/kg) and Ce (mg/L) are the concentrations of As(I1l) or As(V) in sediment and
solution at the equilibrium time; C, (mg/L) is As(lI1) or As(V) concentration at the initial time; V
(mL) is volume of solution; m is the weight of adsorbent (g).

The pseudo first-order (PFO) and pseudo second-order (PSO) equations have been widely
applied to assess the adsorption of As on soils, sediments and MPs (Dong et al., 2020, 2019;
Gedik et al., 2016; Guo et al., 2007; Kumar et al., 2016; Kundu and Gupta, 2006; Luo et al.,
2019; Ma et al., 2015; Rawat et al., 2021). The PFO model can well describe the initial
adsorption stage (Ho and McKay, 1999; Ma et al., 2015), while the PSO model is better for
describing the physical or chemical adsorption at a site (Kumar et al., 2016) or the whole
adsorption process (Ma et al., 2015).

The adsorption experimental data was analysed by PFO and PSO kinetic models using non-
linear regression equations (Alkurdi etal., 2021; Ma et al., 2015). The linear forms of PFO and PSO
kinetic models are straightforward for application, however, the erroneous values of calculating
kinetic parameters were the drawbacks (Azizian, 2004). In contrast, the non-linear forms provided
better results in comparison to linear regression analysis (Rawat et al., 2021). Thus, the non-linear

forms of PFO and PSO models for the adsorption kinetics are used in this study (Ma et al., 2015):

Qe = qe(1 —e™™at) 3)
9
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Q. = qékat
t 1+qek2t

(4)
For the desorption process, the PFO and PSO models are described as below (Tseng et

al., 2009):
qe = ge + (4o — qelexp(=k;t) ()

= __ Y979
e = Qe + kz(qe—qo)t—1 (6)

where Qo is the amount (mg/kg) of As(I11) or As(V) at the initial time of desorption.

The adsorption phenomenon at the interface between solid and liquid phases is widely
interpreted by the Langmuir and Freundlich isotherms (Tseng et al., 2009). The Langmuir
isotherm model (equation 7) is used to describe the monolayer adsorption, which is expressed
as below (Rawat et al., 2022):

_ KpgmCe
€T 14K.Ce (7)

where K. and gm represent the bonding energy constant (mg/L) and the maximum adsorption
capacity (mg/kg), respectively.
Additionally, the equilibrium parameter (RL) was used to explain the essentiality of Langmuir

adsorption isotherms by equation 8 (Rawat et al., 2022):

1

R, = (8)

1+K;,Ce

The values of RL > 1,0 <RL <1, R. =1, and RL = 0 indicate unfavorable, favorable, linear and
irreversible adsorption of As(l1l) and As(V) on the surface of sediment particles, respectively
(Rawat et al., 2022).

The Freundlich sorption model (equation 9) is an empirical adsorption equation indicating that
adsorption sites on the surface of adsorbent possess different adsorption energies, which can be
expressed as (Wang et al., 2018):

Q. =Kp x C;/" ©)
where Kr is the Freundlich constant or capacity factor (mg/kg-(L/mg)"), while 1/n is the

Freundlich exponent (Rawat et al., 2022).
10
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A three-parameter isotherm model, Sips (equation 10) is formed by the combination from
Langmuir and Freundlich expressions (Alkurdi et al., 2021). This model reduces to the
Freundlich model at the low adsorbate concentrations or to the Langmuir model while the

adsorbate concentrations are high (Foo and Hameed, 2010).

_ 9mKsCeng
Qe = (1+KgCensg) (10)

where Ks is the Sips constant related to the energy of adsorption process, and ns is the
exponential factor of the isotherm.

The sediment-solution partition coefficient (K,) was used to describe the interactions of
heavy metals at the interface between water and sediment phases (Fang et al., 2021). K,
provides the information of combined effect of adsorption and desorption processes of heavy
metals (Nematollahi et al., 2021). In addition, it was also used for modelling metal transfer in
various catchment scales or hydraulic systems such as rivers or lakes. Garneau et al. (2015)
used K, as a sub-model of adsorption and desorption processes to simulate As transport in the
Garonne River, France. In this study, the Kp of As at sediment-water interface was calculated

by equation 11 (Zhou and Broodbank, 2014):

K, = ‘é— (L/kg) (11)

3. Results and discussion

3.1. Characteristics of river water and sediment

The total As content and other physicochemical characteristics of the Bargo river water were
analysed, in comparison with results reported for Teatree Hallow in September 2021 receiving
treated wastewater due to coal mining activities by SIMEC group in New South Wales,
Australia (Table 1). The metals concentrations in Bargo River water were lower than its
upstream, Teatree Hallow, except the Al concentration, due to the dilution, sorption and
sedimentation processes. All water quality values in Bargo River and Teatree Hallow were

below the standard of Australia freshwater (AWQG, 1992), except concentrations of Ba and Zn
11
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in Teatree Hallow. Hence, water quality in Bargo River and its tributary was slightly polluted

in some cases.

Table 1. River water characteristics from Bargo River, NSW, Australia and its tributary.

Bargo river Teatree
_ AWQG? Unit

(this study) Hallow
Al 35.69 + 4.95 30 100 pg/L
As 12.93 £ 0.29 56 50 pg/L
Ba 307.72 + 21.66 1590 1000 pg/L
Cr (total) 8.32+0.01 10 Mg/l
Cu 2.02 £ 0.56 1 2-5 ug/L
Fe (total) 110.77 +13.71 1000 pg/L
Mn 2.93+0.25 100 ug/L
Ni 11.09 £ 0.22 30 15-150 pg/L
Pb 1724+ 0 1-5 ug/L
Zn 48.99 + 0.53 71 5-50 pg/L
Electrical Conductivity 473 £ 10 1930 Mg/l
Turbidity 2235
TOC 30.20+ 0.26 mg/L
References This study SIMEC (2021) SIMEC (2021)

a. Australian Water Quality Guidelines for Freshwater.

The As concentration and important physicochemical characteristics of the river sediment
compared to other sediments collected in New South Wales, Australia are summarized in Table
2. The metal concentrations in this study were lower than those reported by Fleming et al.
(2021), who collected the samples closer to coal mining. Table 2 indicated that sediment quality
in New South Wales, Australia related to heavy metals is influenced by coal mining activities,
although the concentrations of As and other heavy metals (Cd, Cr, Ni, Pb and Zn) are below
the default guideline values (DGV) for sediment in Australia. Thus, the selected sediment in

this study is not contaminated above background value. In addition, these heavy metal

12
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concentrations were lower than those of other sediments collected from several ports in New
South Wales (Jahan and Strezov, 2018). It is suggested that the treated wastewater from mining
activities in the upstream area enhanced metal loading in polluted sediments downstream. The
As concentration (0.16 mg/kg) in this sediment was remarkably lower than average
concentrations of As (32.0 mg/kg) in three mangrove surface sediments collected at Candalagen
Creek, Batemans Bay and Sussex inlet in southeast New South Wales, Australia (Hettiarachchi
etal., 2017). The SSA of the river sediment (4.6 m?/g) was similar to sediments collected from
the Elbe River basin in the Czech Republic (7.3 m?/g and 3.5 m?/g) although the SOC content

in this study was lower than any sediments investigated by Dousova et al. (2012).

13



302  Table 2. The composition of Bargo River sediment (in triplicate), in comparison to other sediments in New South Wales, Australia

SSA SOM Al Fe As Cr Ni Zn Cd Pb Reference
(m*g) (%) (mg/kg) (mglkg)  (mg/kg) (mg/kg) (mglkg) (mg/kg)  (mg/kg) (mg/kg)
Bargo River 460 0.40 33.747.9 36.7+9.9 0.2+0.05 0.08+ 0.1+0.02  1.8+0.02 0.06+0.001 0.2+0.08 This work
0.008

Bargo River 3000 5800 <4 4 3 20 5 Fleming et al. (2021)
Coxs River 5800 30000 16 8 13 43 6 Fleming et al. (2021)
Wollangambe 270 900 <4 <1 <1 1 <1 Fleming et al. (2021)
River
Georges River 1100 4000 <4 2 1 5 2 Fleming et al. (2021)
Redbank Creek 4000 33000 8 16 6 33 11 Fleming et al. (2021)
Nepan River 990 2400 <4 2 1 4 2 Fleming et al. (2021)
Port Jackson 895+7 7300142 6 4 3+l 85+7 18 Jahan and Strezov (2018)
Port Botany 930+28 7651248 - 2+1 - 7+3.6 2 Jahan and Strezov (2018)
Port Kembla 1250+212  8000+778 18520 1143 20+20 23578 74166 Jahan and Strezov (2018)
Port Newcastle 1550+778  5300+566 4 4 3 78+3 24 Jahan and Strezov (2018)
Port Yamba 383+78 760+198 0 1 - 3 1 Jahan and Strezov (2018)
Port Eden 22504354 46000+46669  29+30 31+17 1244  2345+2057 0.6 1654205 Jahan and Strezov (2018)
DGV 20 80 21 200 15 50 (AGI, 2019)

303
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3.2. Effects of pH, sediment properties and initial As solution on adsorption kinetics

Figures 1a and 1b depict the time variation of As(l11) and As(V) concentrations in sediment with
the different pH levels (4, 7, 10) in aqueous media. It has been reported that the adsorption of
As(V) in sediments is stronger under acidic condition (pH 3.7-7.0) and weaker under alkaline
conditions (pH 8-10), while the effect of pH on As(l11) is weaker (Chen et al., 2016; Maji et al.,
2007; Mamindy-Pajany et al., 2011). The PFO and PSO models provided a good fit to
experimental data, with the correlation coefficient (R?) of 0.980-0.999 for As(V) and 0.994-0.998
for As(I11) (Table 3). The amounts of As(l11) and As(V) adsorbed on sediment estimated by PSO
model were higher than those from PFO model regardless of pH levels, except at pH 4 for As(V).
It can be shown that As(l11) adsorption was favorable in acidic condition, with equilibrium
concentrations in sediment at pH 4 (112.4 mg/kg) being higher than at pH 10 (89.0 mg/kg) or
without pH adjustment (105.6 mg/kg). However, the highest As(V) concentration on river
sediment (168.6 mg/kg) was at neutral pH, which was slightly higher than its concentration at
pH 4 and 10 (Table 3). The results for As(V) agreed with the statement that As(\V) adsorbed on
sediment, which was generally stronger under acidic conditions and weaker under alkaline
conditions (Chen et al., 2017; Mamindy-Pajany et al., 2011), while the effect of pH on As(lII)
was less than As(V) due to its incomplete ionized state (Chen et al., 2017). Ma et a. (2015) also
reported that the adsorption of As(l11) and As(V) on sediment decreased with an increase in pH,
with higher adsorption capacity for As(V) than As(l11) at pH 5, 7 and 9. Hence, the results from

this study agreed well with the other findings reported.
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Fig. 1. Effect of pH (a, b) and initial As concentrations in solution (c, d) on the adsorption of
As(111) and As(V) on the river sediment. Symbols are experimental data, and the straight and

dash lines represent the PFO and PSO kinetic models.

The adsorption of As(ll1) and As(V) on sediment at varying As concentrations (1-8 mg/L) is
shown in Figs 1c and 1d. The rates of As(lll) and As(V) adsorption on sediment showed initial
rapid stage up to 24 h, followed by a slow stage till the end of experiment. It was suggested that a
rapid increase in As adsorption was caused by the enhancement in the SSA with higher reactivity
(Xu et al., 2021) and presence of more active surface groups of solid particles, such as COOH and
O-H (Rawat et al., 2022). The PFO and PSO fitted well with experimental data, with R? values at
0.953-0.999 and 0.989-1.000 for As(111) and As(V), respectively. The estimated ge values for As(V)
at initial concentrations of 1.0 mg/L were 50.0 and 71.1 mg/kg, which were not fitted with the

experimental data (32.6 mg/kg). Other estimated results were close to the experimental data (Table
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The adsorption of As(l1l) and As(V) on RS and RS-NOM in DI water is shown in Figs 2 (a
and b), while Fig. 2 (c and d) shows As adsorbed on RS in RW. It can be seen that there was
marginal difference between RS and RS-NOM as the adsorbents for As, indicating that NOM had
the small effects on As adsorption. Dousova et al. (2012) found that adsorption capacities of
As(V) on three sediments increased with an increase in RS and Fe contents. However the
adsorption capacity of As(I11) only increased with the increase of Fe contents. Xie et al. (2018)
pointed out that As(l11) and As(V) adsorption on three sediments increased with increasing the
RS and clay contents. It is hard to conclude that this study revealed the contradictory results to
these outcomes. This comparison may not be completely accurate because the two
investigations above used different types of sediment with different characteristics, while only
one type of sediment was used in this study. An illustration is that humic acid can bind a portion
of As through positively charged amine groups (Varsanyi and Kovacs, 2006). It is suggested
that As adsorption on river sediment is partly prevented because SOM may inhibit the binding
of As(ll1) and As(V) with functional groups of sediment surface. Moreover, the adsorption
capacities of both As(l111) and As(V) on RS using RW at the equilibrium time were significantly
lower than those by using DI water. It was suggested that some element in RS such as anions (PO4>

, SO4) reduced As species adsorbed on RS.
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Fig. 2. Adsorption of As(l1l) and As(V) on RS and RS-NOM (a, b) and sediment fractions
(c, d). Symbols are experimental data, and the solid and dash lines represent the PFO and

PSO kinetic models.

Figures 3c and 3d present the PFO and PSO models for adsorption of As(I11) and As(V) on
different sediment size fractions. The results indicated that a stage of fast adsorption occurred in the
first 24h, then the adsorption rate decreased for the rest of experimental duration. Overall, PFO and
PSO models provided a good fit to kinetic results with high R? values (> 0.990) for As(lIl) and
As(V) adsorption (Table 3). It can be seen that there was a small difference in As(l11) adsorption

between S and Sz, while As(V) adsorption on S; was close to S». Initial As concentrations also had
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different effects on As(lll) and As(V) adsorption. The effect of sediment size on As(lll) and
As(V) adsorption was significant. Table 3 shows that the adsorption capacity at equilibrium for
As(111) and As(V) increased from 102.2 and 153.2 mg/kg for the largest size (S1) up to doubled
amount for the smallest size (S4). (Table 3). As(V) adsorption capacities on different sediment
fractions were higher than those of As(111). Xie et al. (2018) showed similar results with a higher
adsorption affinity for A(V) than As(lll) related to the smaller sediment sizes. Based on the
surface area analysis including RS (4.6 m?/g), S1 (3.1 m?g), Sz (6.0 m?/g), S (6.5 m?/g) and S4
34.2 m?/g), S1 had smaller surface area than RS, resulting in less adsorption capacity, while S,
Sz and Sa showed higher adsorption than RS due to larger surface areas. It is therefore clear that
both As(l11) and As(V) adsorption on sediment was positively related to the SSA of sediment
fractions, but negatively related to the size of sediment fractions. Moreover, finer fractions of
RS had better adsorption capacity of As(I11) and As(V) due to higher reactivity of these samples.

Generally, PSO provided better results in modeling the adsorption kinetics for both As(l11)
and As(V) than PFO based on the R? values. However, Ma et al. (2015) reported better results
evaluated by PFO than PSO while the R? values were not significantly different between the

two models.
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Table 3. Adsorption kinetics parameters for the PFO and PSO models and equilibrium

adsorption capacity.

Exp. PFO PSO Equilibrium
condition R? K1 Qe K 0e°
(1/h)  (mglkg) (kg/mg-h) (mg/kg)  ge (Mg/kg)
As(Ill) pH 4 0.995 0.103 104.0 0.997  0.0017 109.9 112.4
pH 10 0.997 0.109 84.4 0.998  0.0022 89.4 89.0
1.0mg/L  0.998 0.052 19.3 0.998  0.0029 21.9 22.0
20mg/L  0.999 0.071 27.2 0.999  0.0032 30.0 30.5
50mg/L  0.992 0.045 49.0 0.995  0.0009 57.1 57.9
80mg/L 0975 0.029 81.8 0.983  0.0004 95.6 96.7
RS-DI 0.987 0.062 91.7 0.992  0.0007 103.5 105.6
RS-NOM  0.988 0.078 98.9 0.992 0.0010 108.4 114.0
RS-RW 0.995 0.04 77.3 0.997  0.0006 90.4 85.8
S1 0.998 0.106 97.6 0.999  0.0021 102.3 102.2
Sz 0.995 0.077 136.0 0.998  0.0008 147.2 146.4
S3 0.993 0.078 1519 0.997  0.0007 164.6 160.5
Sq 0.993 0.102  189.7 0.996  0.0009 200.9 205.2
As(V) pH4 0.980 0.023  168.1 0.984  0.0001 203.3 167.1
pH 10 0.997 0.058 88.2 0.999  0.0008 97.7 91.3
1.0mg/L  0.993 0.065 50.0 0.994  0.0001 71.1 32.6
20mg/L 0999 0.143 36.9 1.000  0.0067 38.9 39.0
50mg/L  0.989 0.077 91.8 0.993  0.0010 100.8 106.4
80mg/L 0990 0.074 1317 0.995  0.0007 144.7 146.2
RS-DI 0.989 0.059  155.6 0.995  0.0005 173.5 168.6
RS-NOM  0.989 0.040 158.1 0.995 0.0003 178.0 170.6
RS-RW 0.989 0.08 82.6 0.993  0.0013 89.8 94.3
S1 0.999 0.064 1054 1.000  0.0006 163.4 153.2
Sz 0.995 0.067 159.9 0.998  0.0005 175.1 170.9
Ss 0.997 0.101 1854 0.999 0.0010 194.9 194.2
Sq 0.990 0.049 2714 0.996  0.0003 296.3 289.8
Desorption
As(Ill) RS-DI 1.000 0.142 98.6 1.000  0.028 98.1 98.5
As(V) RS-DI 1.000 0.188 162.4 1.000  0.043 162.0 162.0
As(lll) RS-RW 0.964 0.093 75.9 0.990 0.011 74.9 75.2
As(V) RS-RW 0.983 0.06 86.3 0.990  0.007 85.1 85.4

Estimated equilibrium adsorption capacity from the PFO model® and PSO model®.

3.3. Kinetic models for desorption process of As(l1l) and As(V)

Figure 3 displays the desorption kinetics of As(l1l) and As(V) concentrations in sediment by

PFO and PSO models. The results show high-rate desorption at initial stage (0-12 h), followed

by stable rate for the remaining duration. The results agree with Ho and McKay (1999) and Ma
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et al. (2015) that PFO model can well describe the first stage of sorption kinetics. The amounts
of As(I1l) and As(V) released from RS in RW were less than in DI water, with higher desorbed
amounts for As(l1l) than As(V). The concentrations of As adsorbed on RS at the equilibrium
time calculated by PFO and PSO models were close to the experimental data by using both DI
water and RW (Table 3). Moreover, the PSO model well fitted with all experimental data,
indicating that the physicochemical sorption including surface complexation and diffusion to
the sorption sites was involved in the desorption processes of both As(lll) and As(V).
Consequently, the desorption of As(l11) and As(V) from this sediment showed similar behavior

in terms of kinetics.
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Fig. 3. The nonlinear regression in the PSO and PSO kinetic models of As(l11) and As(V)

desorption from the RS in DI water (a and b), and RW (c and d).
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3.4. Equilibrium adsorption studies

The adsorption isotherms of As(lll) and As(V) for RS were modelled by the Langmuir and
Freundlich equations (Figs 4 a, b, ¢ and d). It can be shown that both Langmuir and Freundlich
equations fitted well to As(lll) and As(V) adsorption isotherms at the equilibrium time with
nonlinear behavior. In addition, the best-fit parameter values (om, Ki, Kr, n) and R? for As(V) and
As(111) at the equilibrium time and from the previous studies for sediments are presented in Table
4. In addition, the experimental data in RW was fitted significantly better for both As(l11) and
As(V) than in DI water, based on the values of reduced chi-squared statistical analysis. The
estimated Langmuir maximum adsorption capacity for As(V) was significantly higher than that
for As(l11) in DI water and lower than in RW. The results in RW were agreement with the findings

in Elber River (Fig. 4e) from Dousova et al. (2012).
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Fig. 4. Adsorption isotherms of (a) As(l11) and (b) As(V) on RS in DI water; (c) and (d) in RW;

and e) comparison of maximum adsorption amount of As(l11) and As(V) on sediment estimated

by the Langmuir isotherm model from this work and other studies (Dousova et al., 2012;

Goldberg and Suarez, 2013; Ma et al., 2015; Wang et al., 2018).

According to Zhang and Selim (2005), low 1/n values (< 0.4) indicated extensive

heterogeneity of sorption sites. However, the 1/n values for As(l111) and As(V) were 0.74 and 0.75

at the equilibrium time, suggesting some degree of homogeneity of the adsorption sites in the

selected sediment. It is suggested that 1/n values between 0 and 1 are favorable for the adsorption

of both As(I11) and As(V) on the river sediment. Furthermore, the R values for As(I11) and As(V)
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varied at 0.12-0.92 and 0.098-0.902 at initial As concentrations of 0.11-10.30 mg/L. This
indicated favorable adsorption of both As(111) and As(V) on RS, resulting in high surface activity
of sediment associated with an increase in As mobility in the sediment-water interface (Dousova
etal., 2012). The adsorption maxima (qm) estimated by the Langmuir equation significantly lower
than those of sediments investigated by Dousova et al. (2012) and Wang et al. (2018), and
significantly higher than gm values for As(lll) and As(V) adsorbed on sediments from other
studies (Goldberg and Suarez, 2013; Ma et al., 2015) (Fig. 4e).

In summary, the results calculated by the Langmuir and Freundlich isotherm models in this
study showed no significant difference in exhibiting the adsorption mechanism between As(l11) and
As(V). Maetal. (2015) reported that Langmuir model can describe homogeneous adsorbent surface
while Freundlich model displayed multi-layers of adsorption. Thus, both types of adsorption
processes can be fitted well by the data from this study. As a result, As(l11) and As(V) adsorption
on RS occurs via both chemisorption and physisorption with higher adsorption capacity of As(V)
than As(I11). These results were in agreement with the findings from Ma et al. (2015) and Wang et

al. (2018).
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Table 4. The Langmuir and Freundlich parameters (with standard error) for As(I11) and As(V) adsorption from different studies.

As(111) As(V) Reference
Langmuir gn (Mg/kg) KL (L/mg)  Reduced R? am (Mg/kg) K. (L/mg)  Reduced R?
chi- chi-
squared squared
Bargo river sediment 263.3 0.08 £0.03 27.9 0.986 398.7 0.09 56.5 0.989 This study
(DI water) +73.8 +90.0 +0.03
Bargo river sediment 234.3  0.06 £0.05 0.5 1.000 206.2 0.10 +0.03 0.1 1.000 This study
(RW) +109.9 +37.1
SD1, Elbe River 1350 0.0133 0.969 900 0.0133 0.997 Dousova et al. (2012)
SD2, Elbe River 975 0.020 0.972 577.5 0.0124 0.931 Dousova et al. (2012)
SD3, Elbe River 1125 0.0537 0.991 532.5 0.0129 0.964 Dousova et al. (2012)
Surface sediment, 8.96+0.62 0.00082 0.975 Goldberg and Suarez (2013)
Antelope Valley pond
Aquifer pristine fine 37.8 0.33 0.990 60.2 0.46 0.974 Maet al. (2015)
Aquifer coarse? 24.5 0.30 0.967 29.1 0.27 0.997 Maetal. (2015)
Wuhan rivers and 303.3 0.0048 0.936 521.175 0.00268 0.944 Wang et al. (2018)
lakes?
Freundlich Kr n Reduced R? Kr n Reduced R?
chi- chi-
squared squared
Bargo river sediment 215 1.35 18.2 0.991 35.1 1.33 68.1 0.987 This study
(DI water) +2.2 +0.10 +4.2 +0.11
Bargo river sediment 16.8 1.34 0.4 1.000 21.2 1.45 0.2 1.000 This study
(RW) +1.3 +0.19 +2.9 +0.14
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3.4. Sediment-water distribution of As(l11) and As(V)

The partition coefficient (Kp) for As(I11) and As(V) for both adsorption and desorption is shown
in Fig. 5. The results were used to provide further understanding of the migration and
transformation of As(lll) and As(V) between sediments and overlying water. According to
Nematollahi et al. (2021), log(Kp) values > 1 reflected a stronger affinity of adsorption and the
element strongly remained in the sediment phase compared to lower values. It can be seen that
log Ky at pH 4 was higher than that at pH 10, indicating higher adsorption affinity in acidic
condition than alkaline solution. Fig. 5 illustrates the lowest adsorption affinity by using RW
for As(l11) and at pH 10 for As(V), indicating that the adsorption of As(l1l) differs from As(V)
depending on the environmental conditions. Regarding sediment properties, RS-NOM had
marginally higher adsorption affinity than RS for As(l11) and the opposite trend was observed
for As(V). The effect of sediment sizes was similar for both As species, with the highest
adsorption affinity for the smallest size (S4), then followed by Sz > S, > S1. The log(Kp) values
in this study were significantly higher than those investigated from the southern Caspian Sea
(mean: 0.35, range: -0.21-0.75) reported by Nematollahi et al. (2021). Moreover, log(Kp) values
for As(V) were higher than those of As(ll), reflecting higher adsorption affinity of As(V) on
sediment than As(l11) regardless of controlling factors. The results supported the findings from
the early adsorption kinetic and isotherm results.

The results showed lower log K, for As(l11) than As(V), indicating that As(l1l) was more
easily released from sediment to water phase in comparison to As(V). The amount of As(I11)
released from RS (7.2 mg/kg in DI water and 10.6 mg/kg in RW) at the equilibrium of
desorption process was higher than for As(V) (6.6 and 8.8 mg/kg, respectively), which is
consistent with the K, results. Overall, these results are consistent with those of Nematollahi et

al. (2021).
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Fig. 5. Partition coefficient of As(I11) and As(V) under different conditions.

3.5. As adsorption mechanisms

As(111) and As(V) forms present in aqueous media described in the Fig. 6 (Mondal et al., 2007,

Yinetal., 2019; Yohai et al., 2019).
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Fig. 6. The forms of As(I11) and As(V) in the agueous media
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Fig. 7. FTIR spectra (400-4000 cm™) of (a) RS and (b) RS-NOM; XRD patterns of (c) RS

and (d) and RS-NOM before and after adsorption of As(l11) and As(V); (e) As

transformation between As(111) and As(V) on RS after adsorption

The interaction between As(111) and As(V) and with sediment particles in the adsorption

process was investigated by performing FTIR of different sediment types including RS and RS-

NOM before and after As(l11) and As(V) adsorption. The FTIR spectra for SOM are shown in

Fig. 7a. A new IR adsorption peak appeared at 1516 cm™ after the adsorption of As(l11) and

As(V) on SOM, which can be attributed to carboxyl groups (Kaufhold et al., 2012; Li et al.,

2018) or amine C=0 stretching (Yu et al., 2015). The band at 3742 cm™ corresponds to O—H
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stretching vibrations of phenolic hydroxyl groups or adsorbed water (Luo etal., 2012; Yu et al.,
2015). The IR peaks shifted from 1057 cm™ to 1088 cm™ and 1080 cm™ after adsorption of
As(111) and As(V), which can be associated with Si(Al)-O vibration or antisymmetric stretching
vibrations of Si-O tetrahedron (Hahn et al., 2018). The IR adsorption bands recorded at 779
cm! before adsorption and 787 cm™ as well as 694 cm™ for all samples are assigned to Si-O
symmetrical stretching vibrations of quartz, exhibiting the roles of these surface functional
moieties in As(I11) and As(V) binding with sediment particles (Hahn et al., 2018; Rawat et al.,
2022). Furthermore, the small shift in the IR peaks from 563 cm™ to 553 cm™ and 559 cm
after adsorption of As(l11) and As(V), respectively can be contributed to the involvement of Fe—
O/Fe—OH vibration of the magnetite phase in the As(lll) and As(V) adsorption (Luo et al.,
2012; Rawat et al., 2022). Finally, the IR bands at around 420-428 cm™* before and after As(V)
adsorption can be related to the formation of Si-O-Mn bonds (Hahn et al., 2018; Kaufhold et
al., 2012), while its disappearance after As(l11) adsorption indicated the involvement of these
functional groups in As(I11) binding with sediment particles.

Furthermore, the SEM-EDS images of RS before and after adsorption of As(l11) and As(V)
are given in Fig. S2. Fig. S2 (a, b and d) showed high Al contents were detected on RS before
and after adsorption of As(l11), while Fig. S2 (c and e) showed low Al contents were found on
RS after adsorption of As(V). The results indicated higher enrichment of As(V) on RS than
As(111) (Matera et al., 2003). Moreover, XPS results showed no detection of As for RS before
and after adsorption of As(l1l) by using DI water and As(V) by RW solution, whilst both
As2p3A and As2p3B corresponding to As(l11) and As(V) were detected on RS after adsorption
of As(V) under DI water and As(lIl) under RW (Fig. S3). The results indicate that there was
oxidation from As(l11) to As(V) in DI water and reduction from As(V) to As(lll) in RW after
adsorption on RS (Guo et al., 2022). Additionally, Fig. 6e indicated the transformation between
these As species in RS after adsorption with higher amount of As(V) reduced to As(ll1) than

oxidation process. Fig. S3(a, b and e) showed no detection of As on RS due to low content of
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As in sediment (before adsorption).

Regarding RS-NOM, no new groups appeared in the FTIR diagram (Fig. 7b), indicating
that the interaction between As(l11) and As(V) and sediment particles only occurred in the
available functional groups of sediments. Moreover, the IR bands under 500 cm™ can be
assigned to Si-O—Mn bonds (Hahn et al., 2018; Kaufhold et al., 2012), which disappeared after
adsorption of As(l11) on RS and indicated the involvement of these functional groups in As(l11)
binding with sediment particles. XRD analysis for RS and RS-NOM before and after adsorption
of As(l11) and As(V) (Figs 7c and d) indicated that quartz was dominant and had the strongest
peak in all samples. The results are similar to findings from previous studies of XRD for river
sediments (Maity and Maiti, 2016; Xie et al., 2018). Hahn et al. (2018) indicated that quartz
peaks corresponding to the Si-O-Si symmetric stretching of antisymmetric stretching
vibrations. Additionally, the changes of quartz peaks may be due to either reaction of anionic

As species with organic-Si or with SiO> in the presence of organic matter (Rawat et al., 2022).

4. Conclusions

The adsorption and desorption of As(lll) and As(V) at sediment-water interface were
studied. Adsorption kinetics were well modeled by both PFO and PSO models, with better
results by PSO based on the R? values. The Langmuir and Freundlich equations well modeled
As(111) and As(V) adsorption equilibrium on sediment. The maximum adsorption capacity of
As(V) (398.7 mg/kg) was higher than that of As (Il1) (263.3 mg/kg), indicating stronger
sediment affinity toward As(V) than As(l11). The results also showed that As(l11) and As(V)
adsorption on river sediment was favored at acidic to neutral conditions. SOM caused a
reduction of As(lll) and As(V) adsorption on sediment, by inhibiting As complexation with
sediment functional groups. As adsorption decreased with increasing sediment particle size,
and increased with sediment surface area. The physicochemical characteristics, FTIR and XRD

analysis of sediment showed that As(lll) and As(V) adsorption on sediment occurred by
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interactions with Fe—O/Fe—OH, Si(Al)-O, hydroxyl and carboxyl functional groups. The SEM-
EDS evidenced higher adsorption of As(V) than As(I1l) and there was transformation among
As species during the adsorption process in both DI water and RW. The results provide valuable
insights on the kinetics, equilibrium, and mechanism of As(I11)/As(V) adsorption on river
sediment, which should be considered for the more effective management of As-contaminated

river sediments.
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