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Abstract Arsenic (As) contamination in groundwater is a
major problem in many countries, which causes serious
health issues. In this paper, a novel method has been
developed for the simultaneous removal of ROX and
As(IlI/V) using the modified sorghum straw biochar
(MSSB). The MSSB was characterized by X-ray diffrac-
tion, scanning electron microscopy, Fourier Transform
Infrared, and Brunauer—Emmet-Teller (BET) surface area.
The removal performance of MSSB for ROX, arsenite
[As(IID)], and arsenate (As(V)) was investigated using
batch experiments. At pH of 5, the arsenic concentration
of 1.0 mg/L, adsorbent dose of 1.0 g/L, the maximum
adsorption capacities of ROX, As(IID), and
As(V) were 12.4, 5.3, and 23.0 mg/g, respectively. The
adsorption behaviors were fit well with the Langmuir and
the pseudo-second-order rate model. The results showed
that MSSB acted as a highly effective adsorbent to
simultaneously remove the composite pollution system
consisted of ROX and As(II/V) in aqueous solutions,
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providing a promising method in environmental restoration
applications.

Keywords Roxarsone - Arsenic - Arsenate - Sorghum
straw biochar - Adsorption

1 Introduction

Arsenic (As) is a persistent, bio-accumulative, toxic ele-
ment widely distributed in the environment that has been
introduced into water or soil by anthropogenic sources
(Hao et al. 2018; Asere et al. 2019), such as mining of
arsenic-bearing deposits, discharging of arsenic-containing
wastewater, and using of arsenic-containing additives
(Yasinta et al. 2018; Ali et al. 2019; Ng et al. 2004). The
poisoning effect of arsenic-contaminated drinking water on
human health has become more cataclysmic than any other
natural catastrophe. Long-term exposure to arsenic-con-
taminated drinking water even at low levels of exposure,
will lead to potential human health hazards, including skin
cancer, stomach cancer, respiratory tract cancer, and
extensive liver damage (Eisler 2004; Mohanty 2017). In
natural waters, arsenic exists in both inorganic and organic
forms. Inorganic arsenic is mostly found with trivalent and
pentavalent states, known as As(IIl) and As(V), respec-
tively (Pokhrel and Viraraghavan 2006). As one of the
organic arsenic forms, roxarsone (4-hydroxy-3-nitroben-
zene arsonic acid, ROX) is used as animal feeding addi-
tives for effectively preventing parasitic diseases of
poultry. Previous studies indicated that a considerable
amount of ROX without metabolization in animals might
be released from poultry litter to soil and water (Frense-
meier et al. 2017; Mahaninia and Wilson 2017; Ji et al.
2016; Guzman-Fierro et al. 2015), which could produce
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inorganic forms of arsenic, such as As(IIl) and As(V),
displaying even higher toxicity. The mixture of arsenic
compounds including both inorganic and organic arsenicals
caused environmental contamination (Danish et al. 2013).
The World Health Organization has been set the standard
for arsenic maximum contaminant levels from 50 to 10 pg/
L since 1993 (WHO 2001). To meet stringent drinking
water standards, cost-effective arsenic removal technology
is urgently needed.

To remove arsenic from the environment, many effec-
tive approaches have been developed, such as adsorption
(Chandra et al. 2010), chemical coagulation-precipitation
(Pal et al. 2007), ion-exchange (Kim and Benjamin 2004),
membrane separation (Seidel et al. 2001) and biological
treatments (Setyono and Valiyaveettil 2014; Wang et al.
2019). Among these methods, adsorption has been used
extensively due to its low cost, high removal rate, and
relatively mature application (Danish et al. 2013). Low-
solubility solid materials with large specific surface area
and porous structure have mainly served as adsorbents.
These adsorbents can provide enough adsorption sites to
combine with the pollutants in wastewater (Tian et al.
2017; Zhang and Liu 2019) for achieving sufficient control
of the water pollution. Biochar (Ocinski et al. 2016;
Ebrahimi et al. 2013; Tian et al. 2011; Cheraghi et al. 2014)
has been commonly used as adsorbents for their advan-
tages, such as large surface area, high stability, the low
release of contaminants, recyclability, and inexpensive
(Setyono and Valiyaveettil 2014). As one of the primary
agricultural wastes with abundant yield, straw is usually
discarded or burned directly in the field, leading to envi-
ronmental pollution. Via the straw convention into bio-
carbon for use as bio-sorbents or adsorbents, is a poten-
tially efficient way to re-use and recycle this type of agri-
cultural waste (Cheraghi et al. 2014).

For the high affinity of arsenic to iron, different iron-
loaded sorbents have been made (Iglesias et al. 2013;
Solesardans et al. 2016; Calugaru et al. 2019). The solid
phases loaded with Fe species would promote the adsorp-
tion of arsenates and arsenites and further transformation
into stable complexes (Dupont et al. 2007). In the practical
applications, a series of effective approaches to improve
the adsorption capacity of the adsorbent has been reported,
in which the adsorbents were modified by sintering or
doping with different metal ions (Philippova et al. 2011;
Hossain et al. 2016; Ma et al. 2015; Su et al. 2017). To
date, several methods have been reported in the literature
about the single adsorption of inorganic arsenic(Ill, V) or
ROX (Kumari et al. 2005; Dixit et al. 2003, Ustinov and
Do 2002; Li et al. 2016; Yu et al. 2020), however, it is still
lacking studies on the simultaneous adsorption of inorganic
and organic arsenic (Fu et al. 2020).
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In this paper, iron-modified bio-materials were prepared
with sorghum straw biochar. And then, the materials were
used to remove inorganic and organic arsenic from syn-
thetic aqueous solutions. The results demonstrated that the
as-prepared materials possessed the capability for simul-
taneous removal of both ROX and As(III/V). Moreover, the
use of straw can reduce the cost of removal toxin and
provide a promising approach for large-scale use in future
applications. The adsorption process of ROX and As(III/V)
on the modified sorghum straw biochar was further
investigated in this paper, including adsorption kinetics,
isotherms, and effects of various experimental parameters,
which may provide a potential solution to the ROX and
As(III/V) contaminated wastewater.

2 Material and methods
2.1 Materials

The chemical reagents used in this work CH3;OH and
KH,PO, were spectrum pure and the others were analytical
grade. The fresh arsenic working solutions were prepared
by diluting the stock arsenate solutions with deionized
water.

The sorghum straw biochar was prepared by pyrolysis of
sorghum powder with particles size ranging from 40 to 120
mesh under an oxygen-limited condition at 550 °C for 1 h.
Using X-Ray Fluorescence Spectrometer (XRF, ZSX Pri-
mus II) to test the chemical composition of sorghum straw
biochar, the results were shown in Table 1. The pH of the
solution was adjusted via NaOH and HCI. 5 g of sorghum
straw biochar was put into 100 mL FeCl; solution with a
concentration of 0.05 M, and then the mixtures were
ultrasonically dispersed for 30 min and stirred for 24 h.
The as-obtained solids were washed with deionized water
and dried at 60 °C for 12 h. At last, the modified sorghum
straw biochar (MSSB) was obtained. The flow chart of
absorbents is shown in Fig. 1.

2.2 Batch adsorption experiments

To investigate the adsorption ability of MSSB for mixed
arsenic pollutants, batch experiments were carried out. At
room temperature, to adsorb arsenic, the pH value of the
solution was adjusted with NaOH/HCI, then 0.1 g of
MSSB was added to 100 mL mixed solution with 1 mg/L
ROX and As(III/V). The adsorption performances of the
adsorbent were measured by the removal rate of ROX and
As(III/V). In particular, the removal rate of ROX and
As(III/V) was characterized by the initial concentration and
the final concentration of arsenic in the solution.
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Table 1 XRF analysis data Element as oxide Sio,

A1203 P205 NaZO Kzo F€203 Other

Percentage (wt%) 50.745

24277 23.888 0.307 0.250 0.211 0.322

grinding and sieving

sorghum

straw 40-120 mesh

centrifuged and dried

Fig. 1 The flow chart of MSSB
2.2.1 Arsenic adsorption edges

To investigate the effect of pH value on the adsorption of
arsenic by the adsorbent, the batch experiments were
conducted at different pH values (from 1.0 to 11.0) by
adding NaOH or HCI solution.

2.2.2 Adsorption kinetics

The adsorption equilibrium time was determined by the
batch experiments. 0.1 g adsorbent was put into a 100 mL
with the concentration of ROX and As(III/V) of 1.0 mg/L,
and then the mixture was shaken on a platform shaker
(150 rpm) at pH = 5.0 for different reaction times. The
selected reaction time intervals were 0.083, 0.25, 0.5, 1, 4,
8, 12, 24, 30, 36 and 48 h. To measure the concentrations
of As, about 1 mL mixture was removed from the vessel at
different reaction times, then filtered with a 0.22 pm filter.

The removal rate (R, %) and the removal capacity (Q.,
mg/g) of ROX and As(III/V) were calculated using the
following equations (Feng et al. 2019):

Qe:(CO—mCe)-V )
(€O — Ce)
R(%) = —co0 100 (2)

where Cj and C, are the initial and equilibrium concen-
trations of ROX and As (III/V), V is the solution volume
(L), and m is the mass of the adsorbent (g).

2.2.3 Arsenic adsorption isotherms

To estimate the maximum adsorption capacity of the
adsorbent, the adsorption isotherms of MSSB were con-
ducted. The adsorption tests were carried out for the mixed
solutions with different initial concentrations C, (0.1, 1.0,
10, 20, 50 mg/L) of ROX and As(III/V), respectively, and
the pH value of the solution was 5.0. Then, 0.1 g absorbent
was added to each solution and shaken on an orbit shaker at
150 rpm for 48 h. The Langmuir, Freundlich, and Dubinin-
Radushkevich isotherms based on the data were obtained
from the above experiments under the optimal conditions.

S Orghu m pyrolysis preparation
powder at 550°C for 1 hr

2.2.4 Analytical methods

As(V) was initially reduced to As(Ill) by thiourea and
ascorbic acid (5 g thiourea and 5 g ascorbic acid in
100 mL H,0), and then Atomic Fluorescence Spec-
trophotometer (AFS-HG Hydride generation, AFS-2202E)
was used to determine the amount of As(III) in solution.
The total inorganic arsenic content was determined by
AFS-HG and the concentration of As(V) was calculated by
subtraction (Guo et al. 2011).

High-performance liquid chromatography (HPLC, Pri-
maide1210) with a C18 reversed-phase column was used to
determine the concentration of ROX. The mobile phase
was 15% CH3;0H and 85% KH,PO, (V/V) buffer solution,
the pH value was 3.0, the elution time was 8 min, the
detection wavelength was 266 nm and the flow rate was
2.0 mL-min~".

The phase and morphology of the adsorbent were
characterized by X-ray diffraction (XRD, D8 Quest),
Fourier Transform Infrared (FTIR, NICOLET6700), and
scanning electron microscopy (SEM, JSM-6360LV). The
surface area of the materials was determined by Brunauer—
Emmett-Teller (BET) method. The pore size distribution
and total volume were calculated by the Brunauer-Joyner-
Hallenda (BJH) method applied to the desorption data.

The point of zero charge (pHpzc) of adsorbents was
estimated according to the method described by Wang
et al. (2019). In detail, the adsorbents were first suspended
in 0.01 M NaCl until the pH value remained stable. Then,
the pH of the suspension was adjusted to different values
between 3 and 9 by adding NaOH or HCI. After equili-
bration for 2 h, the initial pH was recorded. Then, 1.5 g
NaCl was added into each suspension and the final pH was
measured after 3 h. The pHpzc was identified as the point
at which the ApH is equal to 0 in the curve of ApH vs. the
final pH. ApH was calculated by the difference between the
final pH and the initial pH.
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3 Results and discussion

3.1 Characterization and evaluation
of the adsorbent

To analyze the possible adsorption mechanism of ROX and
As(III/V) on the adsorbents, the morphology of SSB and
MSSB was investigated firstly.

The SEM images of two absorbents are shown in Fig. 2.
As shown in Fig. 2, the particles of SSB exhibited irregular
shapes with smooth surfaces. After modification with
FeCl;, the surface of the adsorbent became rough and
uneven. It may be attributed to the surface that was satu-
rated with other particles, such as iron(Ill)-oxy or
hydroxides. The BET measurements showed that the
specific surface area of the absorbent was 43.39 m%/g after
Fe-modification. After simultaneous adsorption of ROX
and As(III/V), the surface of MSSB became rougher,
indicating many small particles adhered to the adsorbent
surface. The effect may be due to the pores on the adsor-
bent surface occupied with arsenic ions through complex
physical and chemical reactions. The XRD patterns of the
MSSB before and after As adsorption are shown in Fig. 3.
The main peaks of the MSSB before and after As
adsorption were assigned to SiO,. Furthermore, crystal
phases of iron(IIT)-oxy/hydroxides and As were undetected,
indicating that As and iron likely existed in amorphous
forms on MSSB (Zhu et al. 2020).

FTIR analysis of the samples was conducted and the
results are shown in Fig. 4. The FTIR spectra of the sam-
ples were generally similar, indicating that the molecular
structure of the straw biochar remained unchanged after
modification and absorption, besides the appearance of a
carbonyl band. The broad peak at 3386 cm™' in the SSB
corresponds to OH/H,O group and shifted to 3428 cm™!
after modification. The shift towards lower wavenumbers
for OH/H,0O groups in MSSA may be attributed to the

Fig. 2 SEM of SSB (a), MSSB (b), and MSSB after adsorbed by As (c)
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Fig. 4 FTIR spectra of sorghum straw biochar
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stronger H-bonding that occurs and/or as a result of con-
tributing effects from the amorphous Fe(III)-oxy/hydrox-
ides formed (Lee et al. 2010; Gomez et al. 2011). It has
been reported that large numbers of OH groups in the
cellulose on the surface of straw (Ustinov and Do 2002) are
beneficial to the adsorption of ROX and As(IIl/V) for the
highly attractive to arsenic ions in solution (Ustinov and
Do 2002). After adsorption, the OH/H,O on the MSSB
changed in relative intensely of well shifted to high
wavenumbers, indicating some type of interaction occurred
between As and the functional groups of MSSB. An
additional band at 3550 cm ™" implies the additional type of
H-bonding interactions occurred in the adsorption process
(Lee et al. 2010; Gomez et al. 2011). It is worth noting that
after modification, a new band occurred in the MSSB
at ~ 1740 cm™' which could be contributing to C=0
groups (Gomez et al. 2011) but disappeared after adsorp-
tion. It possibly indicated that the MSSB containing car-
boxylate groups or similar functional groups was beneficial
to absorb ROX and As(IIl/V) (Lee et al. 2010). The
vibrational band at 1577 cm™" corresponds to the C = C
species in the SSB and shifted towards higher energy
(1604 cm™ ") after modification which may indicate that
groups were strained (Hu et al. 2012). After adsorption, a
red-shift occurred for these vibrational bands, and the
vibrational strength decreased, demonstrating that these
groups served as functional adsorption sites of arsenic and
could enhance the adsorption ability of arsenic from a
solution compared with the previous research (Ansone
et al. 2013). However, as we have observed here carbonyl
and carboxylate groups may also be involved in the
adsorption of arsenic. Furthermore, a band at 589 cm ™!
corresponding to the Fe—O stretch vibration (Yang et al.
2016) was observed in MSSB, indicating a Fe(IIl)-oxy/
hydroxide was formed on the adsorbent (Lin et al. 2019).
After adsorption, a new peak at 839 cm ™" corresponded to
As-O stretching shows that As was successfully adsorbed
on the surface of the adsorbent (Xie et al. 2019). Therefore,
based on the vibrational data, the functional groups of OH,
C=C, C=0, C-0O, and Fe-O on the MSSB may play
important roles in effectively binding arsenic from
solution.

3.2 Adsorbent performance evaluation

To evaluate the adsorption effect of SSB and MSSB, the
removal rates of ROX and As(IIl/V) in the aqueous system
were conducted and the results were shown in Fig. 5. From
Fig. 5, the removal rates of ROX, As(IIl), and As(V) with
the SSB respectively were 18.06%, 12.87%, and 34.66%,
but they were improved significantly to 70.56%, 51.66%,
and 95.96% by using the MSSB. The significant increase in
adsorbing ability of MSSB may be attributed to two

IOO—AS (]]I) 'V
i YAs(V)

80

60

40

Removal (%)

20

Modified

Before modification

Adsorbent

Fig. 5 Adsorbent performance evaluation in a solution at pH 5 using
a loading mass of 1 g/l with a ROX and As(IlII/V) concentration of
1 mg/L

reasons. One is that the formation of Fe-O through the
modification of FeCl; changed the surface structure of the
adsorbent, and the modified surface structure enhanced the
chemical and/or physical adsorption of the adsorbent. The
iron-arsenic co-precipitation (Zhang et al. 2019) that
occurred on the MSSB could enhance the type of
chemisorption. The second reason may be newly formed
C=0/COO groups on the MSSB that played an important
role in removing arsenic from the solution (Xie et al. 2019).
These results demonstrated the MSSB obtained from SSB
was suitable for the simultaneous co-adsorption of ROX
and As(III/V).

3.3 Effect of adsorbent dosage
The effect of MSSB dose on ROX and As(III/V) was

investigated for the removal of arsenic is strongly affected
by the dosage of the adsorbent (Wang et al. 2019; Jahangiri
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s - A& ROX Adsorbed +4500 3
1<) L
E S0F 1 =
2 4400 2
40 | 1 <
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1 1 1
0.2 0.4 0.6 0.8 1.0
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Fig. 6 Effect of the adsorbent dosage on arsenic removal from ROX

and As(III/V), respectively, using 1.0 mg/L As at pH 5 and room
temperature
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et al. 2019). The results were shown in Fig. 6. It can be
observed that the removal rate for ROX and As(III)
increased rapidly with increasing adsorbent dose. In con-
trast, the removal rate of As(V) is higher than that of
As(IIT) and remains unchanged substantially as the adsor-
bent dose increased. The higher removal rate of
As(V) likely arises from some preferential adsorption sites
that may form some relatively stable complexes and/or
compounds (Namasivayam and Senthilkumar 1998; Hu
et al. 2012). When the adsorbent dosage was 0.2 g/L, the
removal rate of ROX, As(IIl), and As(V) were 16.20%,
13.81%, and 92.94%, respectively. While the removal rate
increased to 70.56%, 50.00%, and 96.47% under the
adsorbent dosage of 1.0 g/L. The increase in the removal
rate may be largely attributed to more adsorbent supplied
more adsorption sites (Gupta et al. 2005; Murugesan et al.
2006). At the MSSB dosage was 1.0 g/L, the adsorption
capacities for ROX, As(Ill), and As(V) were the highest
and reached 705.61, 500.00, and 964.68 mg/kg, respec-
tively. The adsorbent dose of 1.0 g/LL MSSB was used for
the subsequent adsorption tests.

3.4 Effect of temperature

Temperature is another significant factor affect adsorption
(Yadav et al. 2020). As shown in Fig. 7, the removal rates
of three pollutants increased first and then decreased with
the increasing temperature. The increase of ionic thermal
motion could lead to the decrease of binding stability of the
adsorbent with arsenic, resulting in the gradual decrease of
adsorption capacity on the adsorbent surface (Fan 2013).
When it was 25 °C, the removal rate of ROX, As(III), and
As(V) were the highest, reaching 71.57%, 50.79%, and
98.69%, respectively, and the adsorption capacities were
715.7, 507.9, and 998.9 mg/kg, respectively. Compared
with previous works (Ebrahimi et al. 2013; Liu 2007), the

110 1000
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o .
el
100 | [ 1900
© \o
90 |
4800
X " )
f\; 80 - " §D
< [P 4700 &
= . AN -
g 70t ‘A/‘\A ca E
5 o a T4 4600 5
2 60F  a— 3
<
P i
*T /‘\E 200
40 | D/ o - 400

Temperature ( °C)
Fig. 7 Effect of temperature on the removal rates of ROX and As(IIl/

V) by MSSB. The adsorbent of 1 g/L at pH 5 with an As
concentration was 1.0 mg/L

@ Springer

larger adsorption capacity observed in this paper indicates
that the method may be suitable to remove the combined
pollution of As in the water at 25 °C. Therefore, the tem-
perature of 25 °C was selected, which is more suit-
able close to practical applications.

3.5 Effect of pH

In general, the pH value can affect the adsorption charac-
teristics of the substrate material since it may lead to
changes of arsenic in chemical speciation, solubility, and
hydrophilicity. In addition, the adsorption of arsenic is
severely affected by zero charge (pHp,.) of the adsorbent.
The pH,,. of the MSSB was estimated according to the
method described by Wang et al. (Wang et al. 2019).
Figure 8 shows that the pH,,. value of the MSSB is
approximately 5.5. The surface charge of the adsorbents is
positive at a pH below the pH,,,. meanwhile it is negative
when the solution pH is above pH,,. (Wang et al. 2019).
Considering these two factors, the effect of pH on ROX,
As(III) and As(V) removal by MSSB was investigated
between 1.0 to 11.0, as shown in Fig. 9.

From Fig. 9, it can be observed that the removal rates of
three As species increased first and then decreased with
increasing pH values. At pH = 5.0, the removal rates of
As(V) and As(IIl) were the maxima as 99.60% and
62.60%, respectively, and the removal rate of ROX was
71.14%. The uptake of As(V) was remarkably higher than
that of ROX and As(Ill) probably because it was more
likely to form stable complexes and/or co-precipitate
(Wang et al. 2019). At pH =5, As(Ill) and As(V) exist
mainly as H3;AsO; and H,AsO, / H3;AsO, (Fan et al.
2013), and the positive-charged surface adsorbent at
pH =5 is beneficial to the adsorption of arsenic in the
anion state. At pH =5.5, the surface of the MSSB

0.5

—u— APH

|
- L]

0.0

s} \

-1.0F

51

APH

final pH

Fig. 8 Point of zero charge of the sorghum straw biochar
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Fig. 9 Effect of pH on the adsorption of ROX and As(IIl/V) by
MSSB. The adsorbent of 1 g/L at room temperature with an As
concentration was 1.0 mg/L

adsorbent was more negatively charged and disfavored the
adsorption of the negative arsenic anions species, inducing
the decreased removal rate for pH > 5. The removal rate of
ROX appeared the maximum at pH = 3.0 and reached
close to 100%, which was consistent with the literature (Hu
et al. 2012). The increased pH leads to increased ionization
and hydrophilicity, which would weaken hydrophobic
interactions (Hu et al. 2012) and thus decrease adsorption,
causing its lower removal. Therefore, based on these
observations the optimal solution at pH =35 was the
default.

3.6 Adsorption Kkinetics

Kinetic is an important criterion for the design of a sorption
system because it determines the equilibrium time. To
confirm the potential kinetic mechanism of the ROX and
As(III/V) sorption on the MSSB, the relationships between
time and the removal rate of arsenic were investigated and
the result is shown in Fig. 10. In general, it can be observed
that the adsorption process of ROX and As(I1I/V) followed
the same trend, including two steps, a relatively rapid
adsorption step, and a relatively slow adsorption process. It
can be attributed to the presence of two diffusion rates
(Wang et al. 2019), external transport at highly accessible
surface adsorption sites and intraparticle transport at less
accessible internal adsorption sites of the adsorbent. In the
case of ROX, the fast removal process appeared within 4 h
and the removal rate reached 67.09%. For As(IIl) and
As(V), the fast removal appeared in 12 h and the removal
rate reached 46.84% and 86.93%, respectively. In this step,
it could due to the different types of arsenic occupied most
of the adsorption sites on the surface of the adsorbent,

100

80

Removal (%)

0 s 1 s 1 s 1 s 1

0 10 20 30 40 50
Time (h)

Fig. 10 Relationship between reaction time and removal rate using
1.0 mg/L As at pH 5 with 1.0 g/L MSSB and room temperature

leading to the fast removal rates (Wang et al. 2019). As the
reaction time increased and the adsorption sites decreased,
the adsorption rates decreased which probably because the
adsorption kinetics was dominated by the surface precipi-
tation and intraparticle diffusion at this step. The results
were consistent with the previous report (Wang et al.
2019). To ensure complete equilibration, an equilibration
time of 48 h was selected for the other batch experiments.
As shown in Fig. 10, the system reached equilibrium
within 36 h.

To further investigate the adsorption mechanism of the
MSSB for ROX and As(IIl/V), the pseudo-first order and
the pseudo-second-order rate equations were fitted to the
data. The results are shown in Fig. 11 and the parameters
obtained from the kinetic model are listed in Table 2. The
results demonstrated the pseudo-second-order rate equation
based on chemisorption (Sarntanayoot et al. 2019; Hubbe

0.08 |-

B As(ID)
o As(V)
A ROX

Time (h)

Fig. 11 The pseudo-second-order rate model of ROX and As(III/V)
using 1.0 mg/L As at pH 5 with 1.0 g/LL MSSB and room temperature
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Table 2 Kinetic parameters for

Parameters Pseudo-first-order Kinetics Pseudo-second-order Kinetics

ROX and As(Ill/V) by Fe-

modified molecular sieves qe (mg/kg) K,(h™h R? qe (mg/kg) K, (kg/(mg h) R?
As(III) 419.02 0.07169 0.9729 641.03 9.73 x 107* 0.9929
As(V) 516.39 0.1029 0.9251 925.93 243 x 107 0.9985
ROX 467.43 0.9181 0.9386 781.25 1.59 x 107 0.9910

Table 3 Isotherms parameters for ROX, As(IIl) and As(V) adsorption on MSSB

Parameters Langmuir model

Freundlich model

Dubinin-Radushkevich model

qm (mg/kg) K (L/kg) R? n

Kg R? B (mol* KI?) E (KJ/mol) R?

2.14 x 107
5.73 x 107*
1.91 x 107

5.3 x 10°
23 x 10*
1.24 x 10*

As(II)
As(V)
ROX

0.9935 29
0.9931 1.9
0.9948 2.8

1.6499
0.1749
0.5403

0.8639
0.9560
0.8899

0.6596 0.87
0.0352 3.77
0.1929 1.61

0.9317
0.8371
0.8372

et al. 2019), which can describe the experimental kinetics
data and the rate-limiting steps in this work. The g, values
of ROX, As(Ill), and As(V) obtained from the pseudo-
second-order equation model respectively were 781.25,
641.03, and 925.93 mg/kg which were in good agreement
with results obtained from the batch isotherm work
(Table 3).

3.7 Adsorption isotherms

To evaluate the adsorption capacities of the MSSB and
adsorption mechanism, three isotherms were evaluated (i.e.
Langmuir, Freundlich, and Dubinin-Radushkevich) under
the optimal adsorption conditions (Uner et al. 2016; Solic
et al. 2020; Langmuir 1917). The results are presented in
Table 3. According to Table 3, the models of Freundlich
and Dubinin-Radushkevich with the lower correlation
coefficient were not fitted well with experimental data.
Langmuir model displayed a higher determination coeffi-
cients (R?) in the range of 0.993 to 1.000, and the Langmuir
adsorption isotherm for the adsorption of ROX, As(IIl) and
As(V) is shown in Fig. 12, indicating Langmuir model was
the best-fitted model for ROX and As(III/V) adsorption
onto MSSB. The monolayer adsorption represented by the
Langmuir isotherm model played an important role in the
arsenic removal (Feng et al. 2019). The adsorption capac-
ities of ROX, As(IIl), and As(V) were 12.4, 5.3, and
23 mg/g, respectively. The comparison of previous works
(Wang et al. 2019; Ansone et al. 2013; Hu et al. 2012; Lu
et al. 2014), indicates that the adsorption capacities of
ROX, As(IIl), and As(V) by MSSB have been improved
significantly. Therefore, this method is feasible to simul-
taneously remove mixed As species, i.e., ROX, As(IIl), and
As(V), in aqueous systems.
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Fig. 12 Langmuir adsorption isotherm for the adsorption of ROX,
As(III) and As(V).Using 1.0 mg/L As at pH 5 with 1.0 g/L MSSB and
room temperature

4 Conclusion

In this paper, a novel method has been developed for the
simultaneous removal of ROX and As (III/V) synthetic
aqueous solutions using low-cost sorghum straw biochar
modified by FeCl;. The optimal parameters of MSSB for
the ROX and As(IIl/V) removal, such as temperature,
adsorbent dose, and pH, have been determined. The
adsorption mechanism was described by the pseudo-sec-
ond-order equation and Langmuir isotherm adsorption.
Under the optimal conditions, the excellent adsorption
capacities of ROX, As(Il), and As(V) have been obtained.
The results show that low-cost adsorbent material, MSSB
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possesses a good adsorption effect on arsenic contamina-
tions and great potential for environmental restoration
applications.
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