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� A novel of magnetic gelatin-modified
biochar was sythesized.

� The maximum adsorption capacity of
As(V) on MG-CSB is 45.8 mg g�1 at
298 K pH 4.0.

� The adsorption was an endothermic
process and could be described by
Langmuir.

� As–O interactions and electrostatic
interactions was the main adsorption
mechanism.
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A new environmentally friendly and low-cost adsorbent to remove As(V) from industry waste water was
synthesized by the mixture of 723 K pyrolyzed chestnut shell and magnetic gelatin. The resultant biochar
was characterized by X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM),
Fourier transform infrared spectrometer (FT-IR) and vibrating sample magnetometer (VSM). Magnetic
gelatin microsphere enlarged the specific surface area of pristine biochar so the modified biochar had
more adsorption sites for arsenic(V) removal. Also, it had strong magnetic property so it could be easily
separated from aqueous solution. Batch sorption experiment results showed that the maximum adsorp-
tion capacity was 45.8 mg g�1, which was higher than that of the unmodified (17.5 mg g�1) and some
other biochar. All findings illustrated that this new material could be used to deal with arsenic(V)-
containing waste water effectively.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Arsenic is one of the most common and harmful pollutants in
environment throughout the world, especially in aqueous solu-
tions with the development of industry. It has been demonstrated
that arsenic does great harm to human health and has already been
taken as group one carcinogens by the International Agency for
Research on Cancer (IARC) [1]. The World Health Organization
(WHO) has professed that the maximum concentration of arsenic
in drinking water is 10 lg L�1 [2]. Thus, developing effective and
potent wastewater treatment technology for As(V) removal has
motivated extensive research.
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At present, kinds of methods including precipitation [3], lime
softening [4], adsorption [2], membrane separation [5], ion
exchange [6] have being tested by many researchers, which
demonstrated that these processes all have effects in arsenic
uptake at different levels. Sorption is one of the most commonly
and effectively used methods due to its ease of operation, relatively
low cost, and no sludge disposal [7]. Various types of sorbents have
been developed and applied for water treatment during the past
few decades. Among them, iron oxy-hydroxide powders were con-
sidered to be one of the most efficient sorbents for arsenic in aque-
ous solution. However, separation of spent iron-oxy hydroxides
particles requires sedimentation or filtration, which results in
additional cost and mechanical resistance [8]. Activated carbon
(AC) is another sorbent that has been widely used to remove water
pollutants because of its high specific surface area, abundant sur-
face functional groups, and well-developed pore structures. How-
ever, AC is not suitable for removing some anionic contaminants
such as arsenic most likely because of its negative charged surface
[9]. Alternative and low-cost sorbents thus are still needed for the
removal of arsenic from aqueous solutions.

Recently, there are many researches of producing and optimiz-
ing adsorbent materials with similar characteristics to activated
carbon materials but less costly and more environmental friendly.
Of which, biochar is a suitable one [10]. Biochar is a solid carbon-
rich residue produced by thermal decomposition of plant-derived
biomass (oxygen-limited pyrolysis) in the partial or total absence
of oxygen [11]. There are abundant oxygen-containing functional
groups on biochar, e.g. carboxylate (ACOOH), carbonyl (ACOH)
and hydroxyl (AOH) [12]. Biochar normally carry a net negative
charge on their surfaces due to the dissociation of oxygen-
containing functional groups [13], and therefore can be used as
low-cost adsorbents to remove organic pollutants and heavy metal
cations from water [14]. There are many types of biochar from dif-
ferent biomass, such as municipal sludgy, poultry litter, dairy man-
ure, paper sludge [15–17]. However, these biochar materials were
hard to selectively adsorb pollutants. To enhance their capacity
and selectivity for pollutant removal, modification of carbon mate-
rials has attracted many attentions in recent years [18]. Several
methods (acid and alkali modification, oxidation, and chemical
graft) have been used to modify biochar and improve its adsorption
performance of pollutants [19]. In general, these techniques can
both modify the physical properties and chemical reactivity of bio-
char by increasing the specific surface area and forming surface
functional groups that can be chemically bonding with the pollu-
tants [20].

Gelatin is an important naturally high polymer material. It is
made by animal’s bone or meat which is rich in amino acid. It
has been widely used in some fields such as medicine, foods, indus-
try because of its biodegradability and biocompatibility in physio-
logical environments [21]. There are lots of oxygen-containing
functional groups in gelatin, which could be loaded onto biochar
to enhance biochar’s adsorption capacity. Iron ion addition is a
good solution to overcome the difficulty of adsorbents separation
in aqueous solution [22,23]. To our best knowledge, research on
the modification of biochar with magnetic gelatin has not been
reported.

In this study, biochar was modified by magnetic gelatin and it
showed efficient adsorption capacity to As(V). Biochar was pre-
pared from chestnut shell, and then modified with magnetic gela-
tin. The modified biochar was lately explored by a variety of
characterization tools including scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS), Fourier transform
infrared (FT-IR). Batch of adsorption experiments were conducted
to exam and compare the characters and adsorption capacity of
As(V) onto pristine and magnetic gelatin-biochar. The main object
of this study was to research a new cost-effective material to
remove the As(V) from aqueous solution.
2. Materials and methods

2.1. Chemical reagents

All the chemical reagents used were of chemical grade and solu-
tions were prepared using high purity water (18.25 MX cm�1)
from a Millipore Milli-Q water purification system. Ferric chloride
(FeCl3), ferrous chloride (FeCl2), disodium hydrogen arsenate (Na2-
HAsO4�7H2O) were purchased from Fisher Scientific. Chestnut
shells were collected from local farm in Changsha, China.

2.2. Synthesis of materials

Chestnut shell was natural withering for 3 days and then was
sifted out by 0.2 mm sieve. The feedstock was placed in ceramic
crucible with a lid. Biochar was prepared by pyrolyzing the bio-
mass in a lab-scale tubular reactor (SK-G08123 K, China) under
N2 at a peak temperature of 723 K for 2 h. The biochar produced
were sieved to obtain particles between 0.07 mm and 0.2 mm
and then saved in a sealed container for later use. Modified biochar
was made by the following steps: First, put 0.2 g gelatin in 500-mL
beaker containing 200 mL deionized water, then put the beaker at
358 K water bath for about half an hour. Then 0.02 M FeCl3 and
0.01 M FeCl2 was dissolved in 200 mL high purified water, respec-
tively. When the gelatin was completely dissolved, the Fe2+ and
Fe3+ solution were added into the beaker at the same time proba-
bly, biochar was added into it at last (gelatin: biochar = 1:1). Tem-
perature was then turned down to 328 K and the mix was shook at
275 rpm for 2 h. The produced biochar was separated from the liq-
uid after the reaction and further washed with deionized water to
neutral. After these, the resultant biochar should be filtered, dried
and placed under a limited oxygen condition. The biochar with and
without magnetic gelatin modification were denoted as MG-CSB
and CSB, respectively.

2.3. Batch aqueous As(V) adsorption

Batch sorption experiments were carried out at room tempera-
ture (298 ± 2 K) by adding 20 mg sorbent to 200-mL glass conical
flask containing 50 mL As(V) solution. The pH of solution was in
the range of 2–11 and it was adjusted for each experiment using
0.01 M NaOH and 0.01 M HCl. After shaking 24 h in a rotary shaker
(SHY-2A, China) for equilibration sorption, the mixture was filter-
ing by Chemical analytical filter paper. Concentrations of As(V) in
the supernatants were determined using atomic fluorescence spec-
trometer (AFS-9700, China). The amounts of adsorbed As (Qt) per
unit sorbent mass were calculated based as the differences
between initial and final aqueous solution concentrations. The
residual solids were washed with deionized water and then oven
dried (353 K) and stored for analysis using SEM, FT-IR and XPS.
Influence of co-existing anions (SO4

2�, PO4
2�, NO3

�, Na+, K+, Ca+,
Mg2+, Ca2+ and Mn2+ of 0.01, 0.1 and 1 mol L�1, respectively) on
As(V) (20 mg L�1) sorption onto MG-CSB was carried out using
the same procedures.

The kinetic and isotherm experiments were run in triplicate.
Adsorption isotherms were determined by using the same proce-
dure as described above but using a range of As(V) concentration
between 0.2–50 mg L�1 (i.e. 0.2, 2, 5, 10, 15, 20, 30, 40, 50 mg L�1)
and 24 h contact period. The initial pH values of the As(V) solutions
were adjusted to around 4 (according to the results of pH experi-
ment) with 0.01 M HCl and 0.01 M NaOH.
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Investigation of As(V) (20 mg L�1) adsorption kinetics by bio-
char followed the methods of previous study [24]. Briefly, around
20 mg sorbent was added to 50 mL As(V) solution in 200 mL glass
conical flask at room temperature (298 ± 0.5 K). Thus, sorbent con-
centrations were about 0.4 g L�1 for all treatments. The conical
flasks were placed onto a rotary shaker and shook at 150 rpm until
sampling. The initial pH of As(V) aqueous solution was about 7.3 in
this procedure. At each sampling time (i.e. 3, 6, 10, 15, 20, 40, 60,
180, 240, 360, 600, 1440 min), the suspensions were immediately
filtered through chemical analytical filter paper. As(V) were mea-
sured in the filtrate and sorption was calculated as the difference
in initial and final solution concentration of the sorbate.

In this study, the influence of sound wave was researched. The
experimental process was the same as mentioned above, but put
the conical flask in 20 kHz, 40 kHz and 60 kHz, respectively, and
then 20 mg MG-CSB was added into 50 mL As(V) aqueous solution.

2.4. Characterizations

The micro characters were obtained by SEM for scanning elec-
tron microscope analysis, the samples were held onto an adhesive
carbon tape on an aluminum stub followed by sputter coating with
gold. The analysis was performed with a scanning electron micro-
scope (JSM-7001F, Japan) with an accelerating voltage of 5 kV.
Fourier transform infrared (FT-IR) spectra were recorded using a
spectrometer (Nicolet Magna-IR 750 spectrometer, USA). The infra-
red spectra were obtained in the range of 400–4000 cm�1. The
sample disks were prepared by mixing oven dried samples with
spectroscopy-grade KBr in an agate mortar. The mercury valence
state on the surface of the sorbents was measured by X-ray photo-
electron spectroscopy (XPS) using ESCALAB 250Xi X-ray photoelec-
tron spectrometer (Thermo Fisher, USA). Magnetic properties were
obtained on a vibrating sample magnetometer (VSM) (Lake Shore
7410, USA). Measurement of zeta potential of sorbents was
obtained by a zeta potential meter (Zetasizer nano-ZS90, Malvern)
at 298 K. The samples were prepared by ultra-sonication of 20 mg
MG-CSB with 500 mL deionized water and the solution pH was
adjusted to different values (2–12) by adding negligible volumes
0.01 M NaOH or 0.01 M HCl [25].

3. Results and discussion

3.1. Biochar properties

The surface morphological characteristics of the materials
before and after modified were compared by SEM graphs. The
Fig. 1. SEM images of (a) before m
compared results are shown in Fig. 1. There are many micro bal-
loons in MG-CSB while un-modified biochar’s surface was
smooth. These micro balloons were probably magnetic gelatin.
It indicated that the gelatin and Fe3+ has loaded onto the surface
of biochar. These changes increased the specific surface area of
the pristine biochar which might provide more adsorption sites
to As(V).

X-ray photoelectron spectroscopy for CSB and MG-CSB is per-
formed as Fig. 2. Surface of pristine biochar enriched with carbon
and oxygen only, while Fe and As(V) appeared after it was modi-
fied by magnetic gelatin and adsorbed As(V), respectively. The
ratio of O/C was 0.17 for CSB but 0.47 for MG-CSB. Two peaks
at 284.8 eV and 286.4 eV were existed in CSB and another peak
at 288.4 eV was appeared in MG-CSB. According to previous arti-
cles [26], 284.8 eV was charged to CAC, 286.4 eV was charged to
CAO, 288.4 eV was charged to C@O, which indicated C@O was
added to pristine biochar. As for oxygen, there are three peaks
at 533.7 eV, 532.1 eV and 531.1 eV which were charged to
O@CAO, O@C [27] respectively. Three more peaks appeared after
biochar was modified (Fig. 2c). Fig. 2e presented that peaks at
725.1 eV and 711 eV were appeared after modification which
can be signed to c-Fe2O3 [28]. These all suggested that iron has
been loaded onto biochar.

FT-IR spectra and spectroscopic assignment of MG-CSB and
pristine biochar are shown in Fig. 3. The differences of FT-IR spec-
tra of the studied biochar samples were mainly focused on the
wavenumber interval of 700–1800 cm�1. Differences of FT-IR spec-
tra between the modified biochar and pristine biochar samples
were the new peaks at 1068 and 1249 cm�1 appeared in MG-
CSB, which was represented FeAO [8]. There are various bands in
the spectra represented vibrations of functional groups in the three
materials [8,29]: C@O (1556–1563 cm�1), AOH (3000–3690 cm�1),
FeAOH (1045–1084 cm�1), phenolic–OH (1270 cm�1), CAOAC
(1057 cm�1). In general, the peaks of AOH, C@O has changed a lit-
tle after modification (for AOH, the peak at 1563 moved to 1557,
for the C@O, peak at 3315 moved to 3309), which contributed to
the production of magnetic gelatin (Fig. 3). Vibrating sample mag-
netometry (VSM) was employed to analyze the magnetization of
MG-CSB and the magnetic properties are shown in Fig. 4 and the
inset showed that the MG-CSB could be easily separated by a mag-
net. The saturation magnetization of MG-CSB was measured to be
42 emu g�1 [30]. This indicated that large amount of Fe3O4 were
successfully loaded on the MG-CSB surface.

The characterizations mentioned above all showed that
MG-CSB was successfully synthesized. XPS and FT-IR about
MG-CSB after adsorption were presented at the mechanism part.
odified and (b) after modified.



Fig. 2. XPS spectra of (a) MG-CSB before and after adsorption, (b)the O1s XPS spectra of CSB, (c) the O1s XPS spectra of MG-CSB before and (d) after adsorption, (e)the Fe2p
MG-CSB before and (f) after adsorption, (g) the C1s XPS spectra of CSB, (h) the C1s XPS spectra of MG-CSB before and (i) after adsorption, (j) the As 3d XPS spectra of MG-CSB
after adsorption.
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Fig. 3. FTIR spectra of (a) CSB and (b) MG-CSB before adsorption and (c) after
adsorption.

Fig. 4. Magnetization curve of MG-CSB (the inset part showed that the MG-CSB was
easily separated by a magnet).

Fig. 5. The effects of pH values on As(V) removal by MG-CSB (MG-CSB = 20 mg, As
(V) concentration = 20 mg L�1, t = 24 h, T = 298 K) and zeta potential of MG-CSB at
different pH values.
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3.2. Zeta potential and pH

In many conditions, pH was an important influencing factor in
adsorption process. It could significantly influence the adsorption
process because it could change the charge of adsorbent surface
and As(V). In this study, pH in the range of 2–11 was researched
to determine the optimum adsorption pH. According to the results
(Fig. 5), the sorption capacity of As(V) stabilized at pH 2–4,
decreased quickly at pH 4–5, and decreased slowly at pH > 5. When
the aqueous was in strong acid, the maximum adsorption capacity
was 45.8 mg g�1. And the capacity decreased with the increase of
the pH value, even down to 13.9 mg g�1. Moreover, the maximum
adsorption capacity of As(V) was much higher than different adsor-
bents in previous articles (Table 1). Results of the Zeta potential
data is also shown in Fig. 5. The point of zero charge value of
MG-CSB was about 4, which matched the results of pH experiment.
The zeta potential is the potential in the sliding plane of colloidal
particles, and its value is related to surface charge of the particles.
Zeta potential (ZP) values were measured as a function of solution
pH for biochar. They were negative in the pH range of 4–11, indi-
cating that the biochar particles carried negative charges on their
surfaces. The ZP of the biochar becamemore negative by increasing
pH, suggesting that the amount of negative charge increased with
increased pH [11]. When pH < pHpzc, the surface charge of the
modified biochar was positive due to the protonation reaction.
However, at pH > pHpzc, the surface charge of the modified biochar
is negative because of the adsorption of OH ions through hydrogen
bond at high pH. The solution pH has much effect on As(V)
adsorption and the ideal pH value of MG-CSB on As(V) removal
was benefit in the practical application of dealing with acid As
(V)-containing waste water.
3.3. Background electrolytes

The effects of background electrolyte cations on the As(V)
adsorption by MG-CSB were examined (Fig. 6). It could be found
that the adsorption capacity of As(V) removal on MG-CSB in the
presence of monovalent cations (Na+ and K+) was lower than that
with divalent cations (Mg2+, Ca2+ and Mn2+) at the concentrations
of 0.01–0.1 M. However, it showed opposite when the concentra-
tion of the background anions increased to 1 M. Moreover, the
adsorption capacity in the presence of positive anions was higher
than negative anions (NO3

� and SO4
2�). In general, the adsorption

capacity of As(V) on MG-CSB in arsenic(V) aqueous with other
anions was higher than without. These phenomena might mainly
because of the electrostatic repulsion between the positively
charged MG-CSB surface and the anions. The results suggested that
MG-CSB was suitable to deal with waste water which was
complex.
3.4. Effect of ionic strength

It is well known that industrial sewage contains not only
organic-pollutants but also some of salts, which may affect the
removal of pollutants. Thus, the effect of solution ionic strength
on the sorption of As(V) on MG-CSB was searched by a list of exper-
imental studies which constructed by varying concentrations of
NaCl solutions from 0.01 to 1 M. As depicted in Fig. 7, it can be
found that the adsorption of As (V) by MG-CSB was improved in
the presence of NaCl and increased with the increase of its concen-
tration. The possible explanations might be that: (1) there is elec-
trostatic repulsion between adsorbent and adsorbate, the
increasing of ionic strength enhanced the activity coefficient of
hydrophobic organic compounds and resulted in decreasing in
their solubility (i.e. salting out effect) [31], which can enhance As
(V) adsorption; and (2) the ions may infiltrate into the diffuse



Table 1
Comparison of max sorption capacity of As(V) by different sorbents.

Sorbents Max sorption capacity (mg g�1) Experimental conditions Reference

C0 (mg L�1) pH

Iron hydro(oxide) onto activated carbons 4.56 0–10 7.0 [41]
Fe-impregnated granular activated carbon 1.95 0.05–5 7.0 [42]
Biochar/AlOOH nanocomposite 15.99 5–200 n.a. [43]
Fe(II)-loaded activated carbon 2.02 0.5–8.5 3.0 [8]
Bituminous/wood based iron-modified AC 2.28/2.45 0.2–1.2 7.0 [44]
Iron-impregnated biochar 2.16 0.1–55 5.8 ± 0.2 [2]
Magnate gelatin modified chestnut shell biochar 45.80 0–50 3.0/4.0 This study
Chestnut shell biochar 17.50 0–50 7.0 This study

Fig. 6. Influences of background electrolyte anions (MG-CSB = 20 mg, As(V)
concentration = 20 mg L�1, pH = 4.0 ± 0.2, t = 24 h, T = 298 K).

Fig. 7. Effect of ionic strength on the removal of As(V) adsorption on MG-CSB
(MG-CSB = 20 mg, As(V) concentration = 20 mg L�1, pH = 4.0 ± 0.2, t = 24 h,
T = 298 K).

Fig. 8. The pseudo-first-order and pseudo-second-order kinetics model fit of As(V)
adsorption on MG-CSB (MG-CSB = 20 mg, As(V) concentration = 20 mg L�1,
pH = 7.3 ± 0.2, t = 4 h, T = 298 K).
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double layer over MG-CSB surfaces and eliminate the repelling
interaction between the adsorbents, resulting in the formation of
a more compact aggregation structure (i.e. squeezing-out), which
was unbeneficial for As(V) sorption [32]. The adsorption capacity
increased rapidly at the NaCl concentration below 0.1 M, it is sug-
gested that the salting-out effect was consistently greater than the
squeezing-out effect. However, when the NaCl concentration was
more than 0.1 M, the adsorption capacity increased relatively slow,
which indicated that the salting-out effect was decreasing contin-
uously [33].
3.5. Adsorption kinetics

The kinetics of As(V) removal was carried out to understand the
adsorption behavior of MG-CSB. The contact time was varied
between 0 to 1440 min to establish equilibrium. The rate of As
(V) adsorption was fast, with 30% of the ultimate adsorption
occurred in the first 3 min, and the adsorption capacity continued
to raise for the next 4 h, followed by a medium speed approach to
equilibrium.

The pseudo-first-order (Eq. (1)) and the pseudo-second-order
model (Eq. (2)) were used to describe the sorption kinetic data.
The equation of the two kinetic models are represented as follows
[33]:

Pseudo-first-order model:

lnðqe � qtÞ ¼ ln qe � k1t ð1Þ
Pseudo-second-order model:

t
qt

¼ 1
k2q2

e
þ t
qe

ð2Þ

where qe and qt are the adsorbed amount of arsenic(V) on the adsor-
bent (mg g�1) at equilibrium and at different time, respectively; k1
(min�1) and k2 (g mg�1 min�1) are the rate constants of the pseudo-
first-order and pseudo-second-order models, respectively.

Fig. 8 represents the effect of contact time on arsenic(V) uptake
in the modified biochar. Adsorption equilibrium was attained
approximately within 4 h, and the equilibrium adsorption capacity
of the modified biochar was up to 28.7 mg g�1 (which was in neu-
tral environment). The summary of data matched by Pseudo-first-
order model and Pseudo-second-order model is shown in Table 2.
According to the fit coefficient (R2 = 0.913), this adsorption process



Table 2
Pseudo-first-order and pseudo-second-order equation model parameters for As(V)
adsorption on MG-CSB.

Parameter 1 Parameter 2 R2

Pseudo-first-order
model

k1 = 0.03 min�1 q1 = 26.64 mg g�1 0.87

Pseudo-second-order
model

k2 = 0.00142 min�1 q2 = 28.38954 mg g�1 0.92
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fitted Pseudo-second-order model. It showed that the chemisorp-
tion of As(V) was the rate-determining step of adsorption process,
which involved the chemical interaction between arsenic(V) ions
and polar functional groups on the adsorbent, such as ion exchange
and chelating reaction [26].

3.6. Adsorption isotherm

The adsorption isothermmodels are very useful to describe how
the adsorbed molecules distribute on the adsorbents when the
adsorption process reaches an equilibrium state [34]. Langmuir
model and Freundlich model were used in this study to further
know the adsorption procedure. The former model could be
applied to elucidate homogeneous adsorption systems where
adsorption was a monolayer taking place on a homogeneous
adsorption sites [35]. Whereas the latter model was proposed as
an empirical equation implying that the adsorption was a multi-
layer heterogeneous adsorption [36]. The equation of Langmuir
and Freundlich models are provided as follows:

Langmuir model:

qe ¼
KLqmCe

1þ KLCe
ð3Þ

Freundlich model:

qe ¼ K fC
1=n
e ð4Þ

where Ce is the concentration of As(V) (mg L�1) at equilibrium solu-
tion phase; qe is the equilibrium amount of As(V) covered on the
surface of MG-CSB (mg g�1) and qm is the maximum adsorption
amount corresponding to monolayer adsorption (mg g�1); KL

(L mg�1) and Kf (mg1�1/n L1/n g�1) are the constants of Langmuir
and Freundlich, respectively; 1/n is the constant that represents
adsorption strength.

The removal of As(V) on MG-CSB in three different tempera-
tures (298 K, 308 K and 318 K respectively) is shown in Fig. 9. As
can be seen, adsorption capacity was improved by the increase of
Fig. 9. Freundlich and Langmuir isotherms of As(V) adsorption on MG-CSB (MG-
CSB = 20 mg, As(V) concentration = 20 mg L�1, pH = 4.0 ± 0.2, t = 4 h, T = 298 K).
initial concentration. When the initial concentration increased to
20 mg L�1, the adsorption capacity changed little and kept stable
even the initial concentration increased to 50 mg L�1. The relevant
results simulated from the Langmuir and Freundlich models at
three different temperatures are shown in Table 3. According to a
comparison of the values of correlation coefficient (R2), root mean
square error (RMSE) and chi-square test (v2), the adsorption iso-
therm of As(V) could be better described by Langmuir than Fre-
undlich model. It indicated that the adsorption of As(V) by MG-
CSB could be seen a monolayer adsorption process.

3.7. Adsorption thermodynamics

The thermodynamic parameters including standard free-energy
change (DG0), standard enthalpy change (DH0), and standard
entropy change (DS0) are described by the following equations
[37]:

DG0 ¼ �RT lnK0 ð5Þ

lnK0 ¼ �DH0

RT
þ DS0

R
ð6Þ

where R (8.314 J mol�1 K�1) is universal gas constant and T (K) is the
reaction temperature; lnK0 is the adsorption equilibrium constant,
calculated by plotting lnKd (Kd = qe/Ce) versus Ce and extrapolating
Ce to zero; DS0 and DH0 values can be got from the slope and inter-
cept of the plot of DG0 against T, respectively.

Temperature was generally considered as an important factor of
arsenic(V) adsorption at liquid solid interfaces. Arsenic(V) uptake
as a function of temperature is shown in Fig. 9. The apparent
decreased in negative values of DG0 with increasing temperature
implied that the adsorption became more favorable at higher tem-
perature. The adsorption capacity of arsenic(V) increased from
42.7 mg g�1 to 47.9 mg g�1 with temperature increased from 298
to 318 K, suggesting that the sorption process probably underwent
chemical rather than physical interaction [38]. The positive value
of DH0 proved that the adsorption was an endothermic process.
The value of DG0 was also positive, which suggested that the
increase of randomness at the solution interface during the sorp-
tion of As(V). All the parameters might also indicated that the
increased temperatures provided arsenic(V) ions sufficient energy
to overcome the diffuse layer and to be adsorbed onto modified
biochar’s interface structure. Thermodynamic parameters for As
(V) adsorption of MG-CSB are shown in Table 4.

3.8. Adsorption mechanism

Both CSB and MG-CSB removed As(V) from aqueous solution,
and the latter showed great higher removal capacity than the for-
mer. The sorption of As(V) onto MG-CSB could be controlled by
multiple processes associated with both oxygen and iron oxide
surfaces. The sorption of arsenic(V) onto a solid surface was mainly
likely influenced by two factors, one is speciation of the arsenic(V)
and the other is the charge of the sorbent surface [39]. Under the
tested experimental conditions (pH 4), As(V) mainly exists as
HAsO4

2�. Some of the functional groups of the biochar were proto-
nated and thus positively charged. Iron oxide also has a pH depen-
dent charge derived from protonation and deprotonation of surface
AOH groups [39,40]. Therefore, they are also predominantly posi-
tively charged under the tested experimental conditions.

To further analyze the mechanism of As(V) adsorption on MG-
CSB, XPS and FT-IR are performed as Figs. 2 and 3. According to
the XPS spectra, C content was decreased while Fe and O content
was increased after arsenic(V) adsorption. The ratio of O/C was
up to 0.65 from 0.47. However, there were no obvious differences



Table 3
Constants and correlation coefficients of Langmuir and Freundlich models for As(V) adsorption by MG-CSB.

T(K) Langmuir model Freundlich model

qm (mg g�1) KL (L mg g�1) R2 KF (L mg g�1) n R2

298 43.15 0.81 0.89 19.27 0.24 0.70
308 46.89 0.90 0.91 24.84 0.21 0.72
318 49.15 1.49 0.82 29.73 0.16 0.67

Table 4
Thermodynamic parameters for As(V) adsorption of MG-CSB.

298 K 308 K 318 K DH0 (kJ mol�1) DS0 (J mol�1 K�1)

lnk0 17.82 19.76 21.43 148.12 645.20

DG0 (kJ mol�1) �44.15 �50.60 �56.66
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of C peaks between MG-CSB before and after As(V) adsorption,
indicating that carbon had no donation to the adsorption of As
(V). As for oxygen, oxygen-contained functional groups increased
after iron impregnation and decreased after As(V) adsorption. It
suggested that oxygen had big devotion to the sorption of As(V)
on MG-CSB. High-resolution XPS spectra of after-sorption
Fe-impregnated biochar in the As3d region appeared a single peak
at the 45.5 eV. It is reported that 3d binding energy was 45.5 eV for
As(V) in Na2HAsO4, 44.2 eV for As (III) in NaAsO2 and 41.5 eV for As
(0), respectively [2]. Therefore, 45.5 eV of As3d binding energy in
the surface of MG-CSB indicated that the As(V) in the initial
solution was load onto the surface of the modified biochar during
the sorption process. Differences of FT-IR spectra between the
MG-CSB before and after adsorption were the new peaks at
910 cm�1 and 813 cm�1. According to the previous article [2], these
peaks were charged to As–O. These changes showed that oxygen-
contained functional groups were the major cause to effective As
(V) adsorption.

As a result, both the ion particles and surface functional groups
of the MG-CSB could serve as the sorption site for As(V) in aqueous
solution, which explained why the magnetic gelatin modification
could greatly enhance biochar sorption ability to As(V).
4. Conclusions

A lowly-cost and facile chestnut shell biochar was modified
with magnetic gelatin in a simple and convenient process, show-
ing efficient removal capacity of As(V) in aqueous. The addition
of gelatin and iron enhanced the physiochemical properties
and increased the oxygen-containing functional groups signifi-
cantly. So the maximum adsorption capacity (45.8 mg g�1) was
much higher than CSB and some other adsorbents. The arsenic
(V) removal by MG-CSB was highly dependent by pH and the
most suitable value of pH was 4.0. Kinetics and isotherm data
of arsenic(V) removal by MG-CSB was matched with Pseudo-
second-order model and Langmuir model, respectively. The coex-
isting ions such as Na+, Ca2+ and SO4

2� did all enhance the
adsorption of As(V) by MG-CSB. And the adsorption capacity
with the presence of positive ions was higher than negative ions.
As for the mechanism, both electrostatic interaction and hydro-
xyl complexation between As(V) and MG-CSB contributed to
the adsorption according to the results of pH-dependent adsorp-
tion experiment and the FT-IR analysis. In short, results obtained
from this study demonstrated that the novel MG-CSB adsorbent
exhibited a new opportunity for the removal of As(V) from
aqueous solution in an environmentally friendly and efficiently
way.
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