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a  b  s  t  r  a  c  t

Magnetic  wheat  straw  (MWS)  with  different  Fe3O4 content  was  synthesized  by  using  in-situ  co-
precipitation  method.  It  was  characterized  by powder  X-ray  diffraction  (XRD)  and  vibrating  sample
magnetometer  (VSM).  This  material  can  be  used  for  arsenic  adsorption  from  water,  and  can  be  easily
separated  by  applied  magnetic  field.  The  introduction  of  wheat  straw  template  highly  enhanced  the
eywords:
agnetic wheat straw

rsenic
dsorption

arsenic  adsorption  of  Fe3O4.  Among  three  adsorption  isotherm  models  examined,  the  data  fitted  Lang-
muir  model  better.  Fe3O4 content  and  initial  pH  value  influenced  its  adsorption  behavior.  Higher  Fe3O4

content  corresponded  to  a  higher  adsorption  capacity.  In the  pH  range  of  3–11,  As(V)  adsorption  was
decreased  with  increasing  of  pH;  As(III)  adsorption  had  the  highest  capacity  at  pH 7–9.  Moreover,  by
using  0.1 mol  L−1 NaOH  aqueous  solution,  it could  be  regenerated.  This  work  provided  an  efficient  way
for making  use  of  agricultural  waste.
. Introduction

Arsenic pollution has become a major environment concern
hese years. It is originated from both natural activities (like
xidative weathering and geochemical reactions) [1] and the
nthropogenic activities. Arsenic mainly exists in the inorganic
nion forms of AsO2

−(III) and AsO4
3−(V). Intake of arsenic leads

o cancers in skin, lungs, liver, kidney and bladder, and can also
ause hypertension, cardiovascular disease and skin disease [2]. For
ts high toxicity, the World Health Organization has specified the
rsenic concentration in drinking water should be no more than
.01 mg  L−1 [3].

Adsorption is an effective technique for treating arsenic-
ontaminated water. Many materials can be used as adsorbents,
uch as activated carbon [4],  chitosan [2],  alumina [5],  granu-
ar ferric hydroxide [1],  goethite [6],  activated sludge [7] and
anthanum-impregnated silica gel [8].  However, for a normal adsor-

ent, the adsorbent–arsenic complex needs to be separated and
ollected from water after adsorption, through filtration or pre-
ipitation. Magnetic adsorbent shows predominance over these

∗ Corresponding author at: State Engineering Research Center of Engineering Plas-
ics,  Technical Institute of Physics and Chemistry, Chinese Academy of Sciences,
eijing 100190, China.
∗∗ Corresponding author.
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adsorbents due to its ease in separation [9,10].  After treatment,
it can be collected using low-field magnets easily, producing no
contaminants such as flocculants. There have been some magnetic
adsorbents reported, such as magnetic cellulose beads for organic
dye adsorption [11], magnetic alginate for copper [9],  organic
arsenic [12] and organic dye adsorption [13], magnetic multiwall
carbon nanotube for europium adsorption [14], magnetic chitosan
beads for chromium adsorption [15] and a magnetic chelating resin
for heavy metal ion adsorption [16]. Our aim is to find a novel,
cost-effective magnetic adsorbent for inorganic arsenic.

As an agricultural waste, wheat straw has a high yield every
year. Only in China, its annual production is estimated to be at
least 600 million tons. In addition, it has a production of 170 mil-
lion ton per year in European countries [17]. However, most of the
wheat straw has been burnt for cooking or heating, or been left
directly to decompose. These treatments will not only waste natu-
ral resources, but also cause environmental pollutions. Therefore,
it is necessary to make the best use of wheat straw. Our group
has made a comprehensive study for the component, structure
and morphology of wheat straw [18,19]. Wheat straw has a vas-
cular bundle structure, which will provide additional surface for
chemical modification. It also has complicated components includ-
ing lignin, hemicellulose, cellulose, pectin, protein and fatty acid.

The wheat straw is abundant in hydroxyl groups. The hydroxyl
groups can provide chemical reaction sites and adsorb iron ions
to grow Fe3O4 crystal. In this study, we use the agricultural waste
wheat straw as template, grow Fe3O4 nano- or micro-particles on

dx.doi.org/10.1016/j.jhazmat.2011.04.093
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wumin@mail.ipc.ac.cn
dx.doi.org/10.1016/j.jhazmat.2011.04.093
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ts surface, and then investigate its potential application in arsenic
dsorption.

. Experimental

.1. Materials

Mature wheat straw was collected from the countryside and
echanically grinded into fragments, with a BET surface area in a

ry state of 4.73 m2 g−1. Iron(II) sulfate heptahydrate (FeSO4·7H2O),
ron (III) chloride hexahydrate (FeCl3·6H2O) (both from Sinopharm
hemical Reagent Co., Ltd) and ammonia solution (NH3·H2O, 25%,
eijing Chemicals Co.) were used for Fe3O4 synthesis. Sodium
rsenite (NaAsO2) and sodium arsenite dibasic (Na2HAsO4·7H2O)
both from Beijing Chemicals Co.) were used to obtain the solutions
f AsO2

− and AsO4
3−. All the agents were analytical grade and were

sed without further purification.

.2. Synthesis of Fe3O4/wheat straw

The Fe3O4/wheat straw composites were synthesized by in-situ
o-precipitation, which is a classical method for Fe3O4 generation.
he chemical reaction of Fe3O4 formation can be written as Eq. (1):

e2+ + 2Fe3+ + 8OH− → Fe3O4 + 4H2O (1)

In this study, about 0.5 g ground wheat straw fragments were
uspended in a 50 mL  mixed solution of FeSO4 and FeCl3 (molar
atio of Fe3+ to Fe2+ is 2/1) under N2. After a certain amount
f NH3·H2O (25%) was added into the system, the temperature
as raised to 70 ◦C and held at that for 4 h. The fabricated wheat

traw was washed several times by deionized water and sepa-
ated by a magnet, and then dried in vacuum. The un-reacted
heat straw was coded as WS.  The synthesized magnetic wheat

traw samples were coded as MWS1, MWS2  and MWS5, the total
ron ion concentrations in the reaction system of which were
.1 mol  L−1, 0.2 mol  L−1 and 0.5 mol  L−1, respectively. The corre-
ponding amount of NH3·H2O (25%) added was  2 mL,  4 mL  and
0 mL,  respectively. We  also synthesized the bare magnetite for
omparison. The synthesizing process and formula were the same
s MWSs, except that there is no wheat straw in the reaction.
he obtained samples with total iron concentrations of 0.1 mol L−1,
.2 mol  L−1 and 0.5 mol  L−1 were coded as M1,  M2  and M5,  respec-
ively.

.3. Adsorption and desorption of arsenic

In this study, the solutions of As(III) and As(V) were obtained
espectively by dissolving sodium arsenite (NaAsO2) and sodium
rsenite dibasic (Na2HAsO4·7H2O) into deionized water. The effects
f Fe3O4 content, initial arsenic concentration, initial pH value and
dsorbent dose on the equilibrium adsorption capacity were inves-
igated. The adsorption isotherms were also studied, with the initial
on concentration between 1 mg  L−1 and 28 mg  L−1, at the original
H value of the solution (without adding acid or alkali). For the
dsorption capacity tests, magnetic wheat straw was suspended in
queous arsenic solutions with a known concentration and shaken
ith a speed of 250 rpm at 30 ◦C for 12 h. The adsorption capacity

 (mg  g−1) was calculated from the following expression (Eq. (2)):

 = (C0 − Ce)V
m

(2)

here C0 and Ce represent the initial and equilibrium concentra-

ions of the anion solutions, respectively. V and m are the solution
olume and adsorbent mass, respectively. The adsorbent dose
m/V) was kept 0.5 g L−1 for all the experiments except the adsor-
ent dose study.
Fig. 1. The powder X-ray diffraction patterns of (a) WS,  (b) MWS1, (c) MWS2 and
(d) MWS5. The magnetic hysteresis loops of (e) MWS1, (f) MWS2 and (g) MWS5  at
298 K. Inset: The photograph of MWS5  with an external magnetic field.

The desorption of arsenic can be achieved by using dilute
HCl [20] or NaOH aqueous solution [21]. In our study, we used
0.1 mol  L−1 NaOH solution for desorption, considering the Fe3O4
particles will be dissolved when pH < 2. The adsorbent carrying
arsenic was  shaken in the desorption solution at a speed of 250 rpm
at 30 ◦C for 3 h. Then the adsorbent was washed with deionized
water. After being freeze-dried, the regenerated adsorbent can be
used for arsenic adsorption again to measure its recycling effi-
ciency.

2.4. Characterization of magnetic wheat straw

The specific surface area of wheat straw in a dry state was mea-
sured by a Micromeritics ASAP 2020 M Nitrogen System. Powder
X-ray diffraction (XRD) was  carried out on a D8 Focus (Bruker)
XRD diffractometer for the crystalline characterization. The mag-
netic properties of the magnetic wheat straw were investigated

using a vibrating sample magnetometer (VSM, Lake Shore 7307)
at room temperature in the applied magnetic field from −10,000 G
to 10,000 G. The concentrations of arsenic were measured using
Thermo ICAP6000 Inductively Coupled Plasma.
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Table 1
The arsenic adsorption capacity of wheat straw loaded Fe3O4 and bare Fe3O4. The
equilibrium adsorption capacity (qe) was measured in As(V) solution of 10 mg L−1.

qe (mg  As g−1 Fe3O4)

Wheat straw loaded Fe3O4

MWS1 30.24
MWS2 27.24
MWS5 24.14

Bare Fe3O4

M1 6.98

3

3

F
n
t
t
M
a
t
t
w
c
p
t

i
i
m
l
M
t
b
m
w
a

3

3

A
d
i
t
d
d
M
n
o
n
a
c
c
c
s
o
c
p
e
a

Table 2
Langmuir, Freundlich and Temkin parameters for adsorption isotherms at 30 ◦C. The
r2 values correspond to the linear correlation coefficients.

Langmuir parameters

Q0 (mg  g−1) b (L mg−1) r2

As(III)
MWS1 0.760 0.669 0.921
MWS2  2.313 0.266 0.935
MWS5 3.898 0.270 0.899

As(V)
MWS1  4.018 0.133 0.952
MWS2  6.683 0.186 0.982
MWS5 8.062 0.216 0.977

Freundlich parameters

Kf (mg g−1) n r2

As(III)
MWS1  0.533 10.02 0.573
MWS2 0.980 4.804 0.805
MWS5  1.560 4.328 0.892

As(V)
MWS1  0.561 1.771 0.969
MWS2  1.168 1.908 0.976
MWS5  1.645 2.086 0.989

Temkin parameters

AT (L mg−1) bT (kJ mol−1) r2

As(III)
MWS1 3476.4 38.888 0.508
MWS2  25.879 8.528 0.723
MWS5 22.893 4.945 0.752

As(V)
MWS1  1.806 3.152 0.940

2 2 2
M2 6.31
M5 6.02

. Results and discussions

.1. Structure and magnetic properties

The powder XRD patterns of WS  and MWSs  are shown in
ig. 1a–d. Wheat straw consists of mainly crystalline cellulose, and
oncrystalline hemicellulose and lignin [18]. All the graphs have
he diffraction peaks at 2� = 16.1◦ and 22.4◦ for cellulose I crys-
alline form, which is assigned to most natural cellulose [18]. For

WS1, MWS2  and MWS5, the peaks at 2� = 30.3◦, 35.6◦, 43.3◦, 57.4◦

nd 62.8◦ are the characteristic peaks of Fe3O4 and are assigned to
he (2 2 0), (3 1 1), (4 0 0), (5 1 1) and (4 4 0) planes of Fe3O4, respec-
ively. The Fe3O4 crystal has been successfully grown onto the
heat straw template. As can be seen, when the total iron ion con-

entrations in the reaction increase, the relative intensities of Fe3O4
eaks become stronger, indicating an increase of Fe3O4 loading in
he wheat straw matrix.

The magnetic hysteresis loops at 298 K of the MWSs  are shown
n Fig. 1e–g. All of them show typically superparamagnetic behav-
or, which means the magnetic material can response to an applied

agnetic field without any permanent magnetization, with the
oop area being zero. The saturated magnetizations for MWS1,

WS2  and MWS5  are 6.18, 9.12 and 11.87 emu  g−1, depending on
he Fe3O4 content. Materials with superparamagnetic behavior can
e easily separated from the solution with the help of an external
agnetic field (see Fig. 1, inset). Based on this feature, the MWSs
ill be very advantageous to be used as materials for adsorption

nd separation.

.2. Adsorption properties

.2.1. Effect of Fe3O4 content and adsorption isotherms
Fig. 2a shows the adsorption behaviors of MWSs  for As(III) and

s(V) at different initial ion concentrations, with the adsorbent
ose being 0.5 g L−1. In Fig. 2a, the equilibrium adsorption capac-

ty (qe) increases with the initial arsenic concentration (C0). And
he adsorption capacity for As(V) is higher than As(III), which is
ue to the more mobility of As(III) [22]. Comparing the MWSs  with
ifferent Fe3O4 content, the adsorption capacity is in the order of
WS5  > MWS2  > MWS1. That means Fe3O4 is an effective compo-

ent of arsenic adsorption. We  compared the adsorption capacity
f MWSs  with pure wheat straw and the synthesized bare mag-
etite. The wheat straw itself does not have the capacity to adsorb
rsenic. Its main function is to provide a template with high spe-
ific area for Fe3O4 loading. By comparing the arsenic adsorption
apacity of Fe3O4 with and without the template in Table 1, we
an see the adsorption capacities of Fe3O4 loading onto the wheat
traw are much higher than the bare ones. Hereby the introduction
f wheat straw template can effectively enhance the adsorption

apacity. The reason may  be that the template can prevent Fe3O4
articles from aggregating in adsorption process, and increase the
ffective adsorption area, resulting in the highly enhancement of
dsorption capacity.
MWS2 2.485 1.890 0.955
MWS5  3.267 1.639 0.949

In order to examine the adsorption mechanism and surface
properties of the MWSs, the adsorption isotherms are investi-
gated and fitted by Langmuir model, Freundlich model and Temkin
model. The Langmuir model [23] assumes monolayer adsorption
with uniform energies of adsorption on the surface. The Freundlich
model [24] is based on a multilayer adsorption with the adsorp-
tion energy decreases with the surface coverage. Temkin isotherm
[25] assumes that the fall in the heat of adsorption is linear rather
than logarithmic, as implied in the Freundlich equation. The three
models can be expressed as Eqs. (3)–(5),  respectively:

Ce

qe
= 1

bQ0
+ Ce

Q0
(3)

ln qe = ln Kf + 1
n

ln Ce (4)

qe = RT

bT
ln AT + RT

bT
ln Ce (5)

where Ce (mg  L−1) and qe (mg  g−1) are the concentration and
adsorption capacity at equilibrium, respectively. Q0 (mg  g−1) and b
(L mg−1) are Langmuir constants. Kf (mg g−1) and n are Freundlich
constants measuring the adsorption capacity and the adsorption
intensity, relatively. AT (L mg−1) and bT (J mol−1) are the Temkin
constants. R is the universal gas constant 8.314 J mol−1 K−1 and T is
the absolute temperature 303 K. The linear plots fitting by the three
models for MWSs  adsorbing As(III) and As(V) are drawn in Fig. 2b–d
and the parameters can be evaluated from the linear plots (shown
in Table 2). Based on Table 2, the linear correlation coefficients r2
is in the order of r (Langmuir) > r (Freundlich) > r (Temkin). It
indicates that the adsorption isotherms of As(III) and As(V) onto
the MWSs  fit Langmuir model better than Freundlich and Temkin
models, and assumes that it is a monolayer adsorption process.
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ig. 2. (a) Effect of initial ion concentration and Fe3O4 content on the adsorption b
c)  Freundlich and (d) Temkin models.

In Langmuir model, the constant Q0 measures the maximum
dsorption capacity. From the values of Q0 in Table 2, we can see
hat the maximum adsorption capacity for arsenic is in the order
f MWS5  > MWS2  > MWS1, and the adsorption capacity for As(V)
s higher than As(III). This rule is different from Amy  Kan’s and
wang Kim’s results [26,27],  but agrees with Zhang’s [28]. Compar-

ng its Q0 values with the other iron-based nonmagnetic adsorbents
29–31] and natural adsorbents [32] in Table 3, we  can see that

xcept an advantage of easy separation by external magnetic field,
he adsorption capacity of MWSs  is highly competitive to the non-

agnetic adsorbents. Among the magnetic adsorbents in Table 3

able 3
omparison of the Langmuir capacity of different adsorbents for arsenic adsorption.

Q0 (mg  g−1) 

As(III) 

Iron hydroxide-coated alumina 7.65 

Iron  oxide-coated sand 0.029 

Acidithiobacillus ferrooxidans BY-3 0.293 

Natural laterite 0.17 

Nano-MnFe2O4 93.8 

Magnetite-reduced graphene oxide 10.20 

MWS5  3.898 mg  As g−1 MWS519.2 mg As g−1 Fe
r for arsenic. Linear plots of adsorption isotherms at 30 ◦C fitting by (b) Langmuir,

[26,33],  the arsenic adsorption on Fe3O4 of our composite adsor-
bent is effective, but lower than the nano material. If we can control
the Fe3O4 to be nano-particles, the arsenic adsorption capacity may
be highly enhanced. That is our ongoing research work. In Lang-
muir model, the constant b is related to the separation factor or
equilibrium parameter, RL, which is defined as [34]:

RL = 1
(6)
1 + bC0

where C0 (mg  L−1) is the initial concentration of arsenic. In the
C0 range of our investigation, the value of RL is 0.052–0.790 for
As(III) and 0.146–0.883 for As(V). The RL value lies between 0 and

Reference

As(V)

15.9 [29]
– [30]
0.333 [31]
– [32]
90.4 [33]
5.27 [26]

3O4 8.062 mg As g−1 MWS539.7 mg As g−1 Fe3O4 This study
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ig. 3. Effect of initial pH value on the adsorption capacity of MWS1  for arsenic.

, indicating that the arsenic adsorption on MWSs  is a favorable
rocess.

.2.2. Effect of initial pH value
The arsenic adsorption behavior of magnetite materials is pH-

ependent [10,35].  The surface hydroxyl groups on iron oxide can
e protonated and de-protonated [12,35] and its intrinsic sur-
ace complexation constants have been used in previous studies
36]. The arsenic chemistry in water is also highly dependent
n pH. At different pH, both arsenate and arsenite can be pro-
onated into different species [37], and the specie types can be
etermined by their protonation constants [35]. The effect of ini-
ial pH value on the adsorption capacity in our study is shown
n Fig. 3. The As(V) adsorption capacity decreased with pH, and
he As(III) adsorption capacity has a highest value at pH 7–9. This
henomenon can be explained by surface complexation model,
hich has been used by Marmie, Janet and Hering et al. [35,36].
e can also explain it easily by the surface and arsenic charge.
hen pH is lower, the magnetite, which behaves as weak acid,

an be protonated to form positive surface, which is beneficial
o adsorb the anionic arsenic [12,38].  Therefore, the adsorption
apacity is supposed to increase when pH value decreases, like
he behavior of As(V) in Fig. 3. But for As(III), it dose not follow
his rule. This phenomenon is attributed to the pH-dependence
f As(III) [37]. For As(III), at pH < 9.2, the uncharged species
3AsO3

0 will predominate in water. This state of As(III) could not
e adsorbed on the adsorbent surface for the missing of elec-
rostatic attraction. So at lower pH, the qe for As(III) will also
ecrease with the decreasing pH, leaving the highest qe at pH
–9.

.2.3. Effect of adsorbent dose
Fig. 4a shows the effect of adsorbent dose on adsorption capac-

ty and removal efficiency. The chosen adsorbent is MWS1, and
he arsenic solution is 10 mg  L−1 of As(V). The arsenic removal
fficiency increased with the MWS1  dose. That is induced by the
arger adsorption area and the increased number of active adsorp-
ion sites. Meanwhile, the effective surface area for adsorption
ctually decreased, caused by the partial aggregation of MWSs.

his led to the reduction of adsorption capacity with MWS1
ose.

The adsorbent dose will also affect the distribution coefficient
D, which describes the binding ability of adsorbent surface to an
Fig. 4. The effect of adsorbent dose on (a) adsorption capacity, removal efficiency,
and  (b) distribution coefficient for As(V).

element, and can be calculated from the following expression (Eq.
(7)):

KD = CS

CW
(7)

where Cs and Cw are the element concentrations in solid adsor-
bents (mg  g−1) and in water (mg  L−1), respectively. At a given pH,
the value of KD for a settled element shows two different situa-
tions: (I) The KD value stays the same with adsorbent dose. This
implies that adsorbent surface is homogeneous. Our group has syn-
thesized cellulose – g-PDMAEMA for arsenic and fluoride removal,
and its surface obeys this rule [39]. (II) The KD value will increase
with the adsorbent dose. This situation means the adsorbent sur-
face is heterogeneous. In Fig. 4b, MWS5  has a KD increasing with the
adsorbent dose, which implies that the surface of MWSs  is hetero-
geneous. The detailed structure of the adsorption surface has been
studied by Sherman group through XANES and EXAFS data. In their
theory, the adsorption is based on the inner-sphere complexation
of As on {1 0 0} surfaces of magnetite [40].

3.3. Desorption and regeneration

For practical use of an adsorbent, the regeneration of the mate-

rial is very important to cut the cost. For this adsorbent, it can
be regenerated by de-adsorbing arsenic using 0.1 mol L−1 NaOH
aqueous solution. Fig. 5 shows the reusability of MWS5  for As(V)
removal with the initial concentration being 10 mg L−1. As evi-
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ent, in the 10-time-usage of the adsorbent, the recycling efficiency
eeps above 80%. So this material can be used for arsenic removal
fficiently for at least 10 times. It will be very advantageous in real
pplications.

. Conclusions

In this study, we synthesized magnetic bio-adsorbent for arsenic
y using agricultural waste wheat straw. The arsenic adsorp-
ion to the adsorbent loaded with different content of Fe3O4
s investigated. The introduction of wheat straw template can
ighly enhance the arsenic adsorption of Fe3O4. The adsorption

sotherms are well fitted by Langmuir model. Based on the param-
ters calculated from Langmuir model, the adsorbent with higher
e3O4 content has higher adsorption capacity, and the adsorp-
ion is a favorable process. The adsorption behavior is affected
y pH. Moreover, this adsorbent could be regenerated and re-
sed for at least ten cycles for arsenic adsorption. This work
rovided a significant avenue for effectively making use of waste
iomaterials.
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