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Arsenic pollution has become a common phenomenon, which seriously endangers the environment and poses a great
threat to human health. In this paper, a novel method has been developed for simultaneous removal of composite arsenic
pollution based on the modified rice husk biochar as an efficient adsorbent. Iron modified rice husk biochar (MRHB)
adsorbent has been prepared using rice husk as raw material, NaHCOs; as pore expander, FeCl;-6H,0 as modifier and NaOH
as precipitant. The adsorption characteristics of MRHB for As(III) and As(V) has been investigated on the basis of batch
experiments. X-ray diffraction, scanning electron microscopy, and Fourier Transform Infrared were carried out to
characterize the composition and structure of MRHB. The results show that the arsenic concentration of 1.0 mg/L, adsorbent
dosage of 1.0 g/L, the maximum removal rates of As(Ill) and As(V) are 99.88% and 99.93% at pH of 5. The adsorption
performance of MRHB for As(V) and As(V) fits well to the pseudo-second-order kinetic model, indicating that the
chemisorption control plays a dominant role in adsorption process. Results from this study demonstrated the promise of
MRHB in application as an efficient and environmentally friendly adsorbent for composite arsenic pollution.
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Arsenic (As) is a persistent, bio-accumulative and
toxic substance which has already been taken as the
first group of carcinogens by the International Agency
for Research on Cancer. It is widely distributed in the
environment owing to the discharging of
anthropogenic sources into water or soil' . In ground
water and surface water, the main valence states of
arsenic species are trivalent As(IIl) and pentavalent
As(V), respectively®’, in which As(III) is more toxic
and mobile than As(V)°. Long-term exposure to
arsenic-contaminated drinking water will lead to
potential human health hazards, including skin cancer,
stomach cancer, respiratory tract cancer and bladder
cancer, neurological disorders, respiratory tract
conditions, as well as affect cardiovascular and
nervous systems, even at low levels of exposure’”.
Due to its high toxicity and accumulation, the World
Health Organization (WHO) has professed that the
maximum concentration of arsenic in drinking water
is 10 pg/L'""*. In order to meet the strict drinking
water standards, it is mnecessary to develop an
efficient, low-cost and no secondary pollution
treatment process for the removal of compound
arsenic contaminated wastewater.

At present, there are many methods for arsenic
pollution treatment'’, such as precipitation'*,
membrane separation'’, ion exchange'’, adsorption'’,
and so on. Among these methods, adsorption method
has been widely used in wastewater treatment with
the advantages of low cost, high removal rate, easy
treatment, convenient operation and relatively
mature'*®.  The commonly used material for
adsorption method is biochar. Biochar is a kind of
highly aromatic solid products rich in carbon made
from agricultural and forestry wastes under oxygen
limiting conditions. It has been attract much attention
due to its architectural advantage such as large
specific surface area, abundant pore and various
functional ~ groups . However, the arsenic
adsorption capacity of original biochar is low, and
biochar was modified by iron in order to improve its
adsorption  capacity”. The modified biochar
possesses improved pore structure, larger specific
surface area, and anticipatory surface functional
groups that can be chemically combined with
pollutants®~°. The modified biochar has been widely
used for heavy metal removal in wastewater
treatment”’*. Previous studies show that the modified



496 INDIAN J. CHEM. TECHNOL., SEPTEMBER 2022

biochar has an excellent adsorption capacity for
As(V), however, the adsorption ability for more toxic
As(III) is unsatisfactory***’. Therefore, a low-cost and
safe modified biochar adsorbent is needed to removal
As(III) efficiently.

China is extremely rich in rice husk resources. The
pyrolysis of waste rice husk to prepare biochar can
not only realize the resource utilization of solid waste,
but also reduce the environmental problems caused by
rice husk accumulation®'*, From the view of resource
utilization of solid waste, rice husk biochar may
become a promising adsorption material for
adsorption and removal of arsenic in water treatment.
Until now, there are few reports by iron modified rice
husk. In this study, we prepared an iron loaded rice
husk biochar that can serve as an adsorbent to
removal both As(Ill) and As(V) within short time. In
order to examine the adsorption capacity of iron
loaded rice husk biochar for arsenic adsorption in
wastewater, the effects of initial pH value,
temperature, adsorbent dosage, and adsorption
kinetics were studied in details. Furthermore, the
adsorption mechanism was also preliminarily
discussed. The present study may provide a promising
pathway for wastewater treatment.

Experimental Section

Materials

The chemical reagents used in this work were
analytical grade. RHB was prepared by pyrolyzing a
certain quality of rice husk in a muffle furnace at
350°C for 3 h and then passing a 200 mesh sieve. 4.0
g rice husk biochar and 100 mL saturated NaHCO;
solution were put into a beaker, and the mixture was
dispersed by ultrasound for 5 min and stirring for 30
min. Thereafter, the obtained solid is dried in the
oven, and the dried solid was activated by heating at
350°C for 3 h in muffle furnace. 3.0 g activated RHB
was added into 100 mL 1 mol/L FeCl; solution. After
ultrasonic dispersion for 5 min, 1 mol/L NaOH
solution was slowly pour into the mixture until the
formation of precipitation. The as-prepared
suspension was finally washed with deionized water
and dried at 100°C for 12 h to obtain the Fe loaded
RHB (MRHB).

Batch adsorption experiments

In this study, batch experiments were carried out in
order to investigate the adsorption ability of MRHB
for both As(Ill) and As(V) pollutants. At room

temperature, 0.2 g MRHB was added to 200 mL
mixed solution with 1 mg/L As(Ill) and 1 mg/L
As(V). The pH value of the solution was adjusted
with 1 mol/L NaOH/HCI and retained an unchanged
value during the adsorption process. The adsorption
experiments were carried out at 25+1°C, and the
performances of the adsorbent were measured by the
removal rate of As(Ill) and As(V). In adsorption
experiments, the influences of solution pH, solution
temperature, and adsorbent dose in removal rate of
As(Ill) and As(V) from contaminated water were
considered and analyzed.

The adsorption capacity (q, mg/g) and removal rate
(R, %) of As(Ill) and As(V) were calculated as
following equations™ :

(Co B Ce)

R(%) = x 100% (1)

0

g =G GV . (2)

m

where R is the removal rate of As(Ill) and As(V) in
the solution (%), Co and C. are the initial and
equilibrium concentrations (mg/L) of As(Ill) and
As(V) in the solution, respectively, V is the volume
(L) of the solution and m is the mass (g) of the
adsorbent.

Adsorption kinetics

The adsorption rate acts as an important factor for
arsenic removal. Batch experiments were carried out
in order to obtain the adsorption equilibrium time at
25+1°C. In particular adsorption test, the adsorbent
dose was 0.2 g for 200 mL arsenic solution with 1
mg/L. As(Ill) and 1 mg/L. As(V). The solution pH
value was fixed at 5.0+0.2 during the adsorption
process. Then, the mixture was shaken on a platform
shaker with an agitation speed of 180 rpm.
Approximately, 1 mL aliquots were taken from the
vessel at selected reaction time intervals (0.083,
0.167, 0.25, 0.5, 1, 2, 4, 8, 12, and 24 h) and then
filtered through a 0.22 pm membrane filter. Three
replicates were performed for each treatment. Control
experiments were operated in the same conditions
except without adsorbent.

Arsenic adsorption edges
In order to investigate the influence of pH on
arsenic adsorption by MRHB, batch experiments were
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carried out at different pH values, in which 0.1 g
adsorbent sample was added to 100 mL arsenic
solution with 1 mg/L As(Ill) and 1 mg/L As(V). The
mixtures with the pH value of 3.0, 5.0, 6.0, 7.0, 8.0
and 9.0 respectively were sharked on a platform
shaker. It is notable that the pH values kept
unchanged during the adsorption process. Other
conduct was the same to above description.

Reaction temperature

In order to study the influence of temperature on
arsenic adsorption by MRHB, the adsorption reactions
in which 0.1 g adsorbent sample was added to 100 mL
arsenic solution with 1 mg/L As(Ill) and 1 mg/L
As(V) were carried out at the temperature of 15, 20,
25, 30 and 40°C, respectively. The solution pH value
was fixed at 5.0+0.2 during the adsorption process.
Other conduct was the same to above description.

Adsorbent dosage

Furthermore, different MRHB doses were added to
100 mL arsenic solution with 1 mg/L As(Ill) and 1
mg/L As(V) in order to obtain the optimum adsorbent
dosage. In arsenic solution, MRHB concentrations
were 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 g/L. Other conduct
was the same to above description.

Analytical methods

The concentrations of As(IIl) and total inorganic
arsenic in solution were measured using a hydride-
generation atomic fluorescence spectrophotometer
(AFS-HG Hydride generation, AFS-2202E) with a
detection limit of 0.1 pg/L, and duplicate analyses
agreed within 5%, according to previously reported
procedures’**. The concentration of As(IIl) was
determined initially by AFS-HG. Thereafter, As(V)
was reduced to As(IIl) by thiourea and ascorbic acid
(5 g thiourea and 5 g ascorbic acid in 100 mL H,0),
and the total inorganic arsenic content was determined
by AFS-HG and the concentration of As(V) was
calculated by subtraction®™’. 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).

Results and Discussion

Characterization and analysis

As shown in Fig. 1(a), RHB has flocculent porous
structure, loose surface and large specific surface
area. The microstructure characteristics of RHB can
provide amount loaded sites for iron precipitations.
From SEM images, it can be found that iron
precipitations in the form of iron-based complex, such
as iron(IIT)-oxy ohydroxides™ are distributed on both
inside and outside surfaces of MRHB, resulting in the
compact surface for MRHB [Fig. 1(b)]. Fig. 1(c)
shows the microstructure of rice husk biochar after
arsenic adsorption. Because the biochar sample has a
smooth surface morphology, it means that the iron
precipitations on the biochar may participate to the
reaction with As(Ill) and As(V) during adsorption
process.

In order to further clarify the compositions and
functional groups of MRHB, IR spectroscopy was
carried out for RHB, MRHB, and As-MRHB. As
shown in Fig. 2, there is no significant difference
between the functional groups on RHB, MRHB, and
As-MRHB. The wider absorption bands at 3380,
3371, and 3404 cm’ are assigned to the associated
—OH group®®. The difference among these absorption
bands for RHB, MRHB, and As-MRHB is peak
intensity, in which the peak intensity of RHB and As-
MRHB are weaker than that of MRHB. The
absorption band at 2930 cm’ is assigned to the
symmetric stretching vibration of C-H bond, the
absorption bands at 1610 cm™ is assigned to the
asymmetric stretching vibration of C—C bond, and the
absorption bands at 1407 cm™ is assigned to the
asymmetric stretching vibration of C—-O bond.
Compared with RHB, MRHB showed new vibration
bands at 1705 and 587 cm™. The absorption bands at

Fig. 1 — SEM of RHB (a), MRHB (b), and As-MRHB (c)
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1705 cm™ is assigned to the asymmetric stretching
vibration of carbonyl bond, and the absorption bands at
587 cm’ is assigned to the asymmetric stretching
vibration of Fe—O bond. It implies that Fe was
successfully loaded on rice husk biochar. These oxygen-
containing functional groups are electron donating
groups, which can strengthen the electrostatic attraction
of activated carbon and facilitate the adsorption capacity.
After the absorption of arsenic by MRHB, some
absorption bands disappeared, and the peak intensity
become weaker, which may be induced by the formation
of Fe-As co-precipitations on MRHB surface covering
the functional groups on MRHB surface.

XRD was used to characterize the phase structures
of RHB, MRHB, and As-MRHB. A broad diffraction
peak around 20 = 22.36° is shown in XRD pattern of
RHB, corresponding to the characteristic peak of
Si0,, indicating an amorphous state RHB with a large
amount of cellulose structure in rice husk and without
any crystal attached to the surface (Fig. 3). There is
no obvious diffraction peak of carbon for MRHB,
which indicates the surface of carbon has been
covered by modified iron, but good crystal have not
formed yet™. For MRHB, there is nearly no obvious
diffraction peak in XRD pattern, which is obviously
different from that of RHB. Particularly, the
diffraction peaks around 26 = 36.37° and 38.04° can
be assigned to Fe(OH);, indicating that the biochar is
loaded with Fe(OH);. It can therefore be deduced that
the iron hydroxide crystal has been precipitated on the
surface of rice husk biochar during the modification
process. The precipitation of Fe would provide new
active sites for MRHB adsorption®, and act as a key
factor that enhances the adsorption and removal
capacity of arsenic for rice husk biochar. The XRD
patterns of the MRHB before and after As(Ill) and
As(V) adsorption were slightly different (Fig. 3).

Adsorbent performance evaluation

Effect of reaction time

In order to testify the adsorption capacity of
MRHB in the removal of As(Ill) and As(V), the
reaction time-removal rate relationship was studied.
As shown in Fig. 4, it can be found that the removal
rates of As(Ill) and As(V) gradually increase with
increasing the time, and the removal rate increases
rapidly within 2 h in the initial stage. MRHB exhibits
an excellent adsorption capacity for As(Ill) and
As(V),and the removal rate of As(Ill) and As(V) are
higher than 90%. Moreover, both As(Ill) and As(V)
reached adsorption equilibrium at about 2 h, and then

the removal rate increased slowly with increasing the
time. After 2 h, there is nearly no change in the
As(Ill) removal rate by MRHB, implying the most
adsorption capacity of MRHB for As(III). Therefore,
2h is enough to reach the adsorption equilibrium of
As(IIT) and As(V) combined pollution by MRHB.

Effect of pH
The pH value of solution is an important factor that

may influence the electric charge distribution at the
solid-liquid interface system. Generally speaking, the
pH value will affect the surface charge of the
adsorbent and the form of arsenic*’. The relationship
between the removal rate of As(Ill) and As(V) by
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MRHB and the solution pH value is shown in Fig. 5.
With increasing the solution pH value from 3 to 9, the
removal rates of As(Ill) and As(V) in the composite
solution initially increased and then decreased. The
removal rates of As(IIl) and As(V) were the highest at
pH 5, which can reach 99%. According to the phase
diagrams of As(Ill) and As(V), it can be found that
As(Ill) mainly exists in the form of H,AsO; and
As(V) mainly exists in the form of H,AsO, at pH 5,
both of As(Ill) and As(V) species are negatively
charged. Under this condition, the removal rate of
both As(Ill) and As(V) reaches the maximum value.
This is due to the fact that the adsorbent MRHB
measured in the experiment is positively charged at
pH=5. Positive MRHB favours to attract the negative
H,AsO;” and H,AsO, , resulting in the higher
adsorption rate for both As(II) and As(V). With
further increasing the solution pH value, the
isoelectric point of MRHB is no longer larger than the
solution pH, and MRHB has negatively charged
surfaces. Consequently, the adsorption rate gradually
decreases owing to the repulsive interaction between
negative arsenic species and negative MRHB.

Effect of temperature

As shown in Fig. 6, there is not obvious change in
the removal rate of As(Ill) and As(V) by MRHB
under different reaction temperatures. When the
reaction temperature is 25°C, the removal rate of
As(IIl) reaches the maximum value as high as 99%.
Similarly, the removal rate of As(V) also reaches the
maximum value as high as 99% at 25°C. From the
view of both energy consumption and time
arrangement, 25°C is selected as the optimal
condition for the adsorption of MRHB adsorbent in
this study.
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MRHB.

110 14
—®— Removal of As(Ill)
B.. . —®— Removal of As(V)
105 + o g O As(III) Residue 112 s
E O A(V) Residue SN
- -0 410 i:?
100 - .éf;’/(’\‘ Py =}
S - » s 2
~ . o 48 ®
— . — £
S o5t o =
g |
o 16 §
O
= 3
90
{a B
17
Q
85 ~
o =42
80 1 1 1
10 20 30 40

Temperature (°C)
Fig. 6 — Effect of reaction temperature on the adsorption of
As(IIT) and As(V) by MRHB
Effect of adsorbent dosage
Previous study shows that the removal of arsenic is
strongly affected by the dosage of the adsorbent™. In
order to check the optimal dosage of the adsorbent for
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the removal of As(Ill) and As(V), a batch of
experiments was carried out in this study. With
increasing the adsorbent dosage, the removal rate of
As(Ill) and As(V) pollutants gradually increases in
Fig. 7. For As(Ill), it can be observed that the removal
rate increased rapidly with increasing adsorbent
dosage, however, the removal rate of As(V) remains
nearly unchanged with further increasing adsorbent
dose. Moreover, the removal rate of As(V) is higher
than that of As(Ill). Once the MRHB dosage was
larger than 1.0 g/L, the removal rates of As(Ill) and
As(V) by MRHB are basically unchanged, both
reaching more than 98%. Therefore, considering the
removal rate of As(Ill) and As(V) and the adsorption
capacity of adsorbent, the optimal dosage of MRHB is
1.0 g/L.

Adsorption Kinetics

Kinetic is an important criterion for the design of
adsorption system because it determines the
equilibrium time. In order to further explore the
adsorption characteristics of MRHB in As(IIl) and
As(V) pollutant solution, the pseudo-first order and
pseudo-second-order rate equations were used to fit
the kinetic data in As(Ill) and As(V) adsorption
experiment. The pseudo-first order and pseudo-
second-order rate equations are following:

Pseudo-first order dynamics model:

In(g, —¢,)=Ing, —kt 3

Pseudo-two order kinetic model:

t 1t
JERE— 2+_

9 k4. 9 . (4

in which q; and q. respectively are the adsorption
amount of As(Ill) and As(V) at time t and adsorption
equilibrium (mg/g), t is the adsorption time (h), k; is
the rate constant in the quasi-first order kinetic model
(1/h), and k; is the rate constant in the quasi-two order
kinetic model (g/mg/h).

It can be seen from Table 1 that the correlation
coefficient R” of the Pseudo-first-order kinetic model
is small and the fitting degree is very low, so the

adsorption of As(Ill) and As(V) by MRHB does not
obey to the Pseudo-first-order kinetic equation
(Fig. 8). The correlation coefficient R* of the quasi-
second-order kinetic models of As(IIl) and As(V) is
larger than 0.999, which has a high fitting degree.
According to the numerical comparison of R’, the
Pseudo-second-order kinetic fitting of the adsorption
process of As(Ill) and As(V) in the solution by
MRHB is better than the Pseudo-first-order kinetic
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Fig. 8 — First-order rate model of 1 mg/L As(Ill) and mg/L
As(V) with 1 g/LL MRHB and room temperature.

Table 1— As(IIl) and As(V) kinetic parameters

As Pseudo-first-order Kinetics
R? qe(mg/g) K,(g/mg.h)
As(TIT) 0.6569 0.5362 5.32

As(V) 0.5993

0.2213 5.73

Pseudo-second-order Kinetics

R’ qe(mg/g) K(g/mg.h)
0.9999 0.9988 187.34
0.9999 0.9993 214.72
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Table 2 — Comparison of uptake capacity, pH, best-ftted isotherm model constants of As(III) and As(V) with other studied adsorbents

Adsorbent Arsenic species pH Model used to calculate  Uptake capacity (mg/g) References
uptake capacity

Cassiafistula (golden shower) As (IIT) 6.0 Langmuir 0.78 [29]

biochar As (V) 2.0 0.42

Waste biomass of Citrus As (IID) 3.0 Langmuir 0.714 [41]

limetta (peel and pulp) As (V) 2.0

Coal fly ash As (I1I) 5.0 Langmuir 0.233 [36]
As (V) 0.667

Rice husk biochar As (1IT) 5.0 Langmuir 0.9988 this study
As (V) 0.9993

25 Conclusion

= As(IID

t/q, (h-g'mg™)

t/q, (h-g-mg™")

0 1 1 1 1
0 5 10 15 20 25

Time (h)

Fig. 9— Pseudo-second-order rate model of 1 mg/L As(IIl)
(a) and 1 mg/L As(V) and (b) with 1 g/L MRHB and room
temperature.

fitting, indicating that the adsorption process is
mainly controlled by chemical action. The q. of
As(IIT) and As(V) obtained from the pseudo-second-
order equation model respectively were 0.998 and
0.9993 mg/g (Fig.9). Table 2 shows the comparison
of bio-sorption capacity in the current work and in
previous works.

In this study, a low-cost rice husk biochar
modified by FeCl; has been developed as the high-
effective adsorbent for the simultaneous removal of
As(IIT) and As(V) composite pollution solutions. The
condition of arsenic removal was optimized by
examining different influence factors, including
equilibrium time, pH value, temperature, and
adsorbent dosage. Under the optimized adsorption
condition for MRHB, the adsorption capacities of
adsorbent for As(Il) and As(V)can respectively
reached 0.9988 and 0.9993 mg/g, corresponding to
the removal rates of 99.88% and 99.94%, and its
residual concentration has reached the national
emission standard. The adsorption mechanism of
arsenic compound pollution was consistent with the
pseudo-second-order kinetic model, indicating that
the adsorption process is dominated by
chemisorption. Our results demonstrate the ability of
modified biochar in the treatment of composite
arsenic contaminations and provide a promising
materials design idea for rapid removal of heavy
metals in applications.
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