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a b s t r a c t

A novel process for the preparation of Fe3O4-loaded activated carbon (MY) was developed using waste
biomass. The key point of the synthetic strategy was that the carbonization, activation and Fe3O4 loading
were accomplished simultaneously. The low-cost composite was characterized and used as an adsorbent
for arsenate removal from water. The results showed that the Fe3O4 particles were uniformly deposited
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on the surface of the composite. The composite exhibited high surface area of 349 m /g, pore volume
of 0.20 cm3/g and iron of 39 wt.% for arsenate adsorption. As an adsorbent, higher temperature favored
the adsorption capacity and the adsorption process was well fitted by pseudo-second-order model. The
composite showed an excellent adsorption capability for arsenate with a maximum adsorption capacity
of 204.2 mg/g at pH 8.0 and the adsorption process followed the Freundlich isotherm model well. In
addition, the composite exhibited a saturation magnetization of 47.67 emu/g, which allowed it to be

terna
easily recovered by an ex

. Introduction

Water pollution by arsenic has attracted increasing interest all
ver the world and due to its mobility and toxicity the arsenic
ollution has been recorded by World Health Organization as a
rst priority issue. In the aquatic environments arsenic is pri-
arily present in inorganic species (arsenate and arsenite) and

rsenate (As(V)) is the predominant arsenic form in oxidizing
onditions [1].

Thus far, several technologies including membrane filtration,
oagulation and phytoremediation have been developed for arsenic
emoval from aqueous solutions, and adsorption is considered as
n effective technology. Iron oxide has been proven to be an excel-
ent adsorbent with high affinity toward inorganic arsenic species
nd selectivity in the adsorption process [2–4]. However, iron oxide
s very bulky in nature, highly amorphous, and flocculant, which
imits its widespread application for arsenic removal. To improve
he adsorption efficiency, recent research has focused on creat-
ng media supporting iron oxide [5–7]. Among the tested supports,

ctivated carbon was proven an ideal support because of its stable
nd variable pore property and promising results for As(V) removal
ere obtained using iron oxide-loaded activated carbons [8–11]. It
as revealed that the effectiveness of the arsenic removal is closely

∗ Corresponding author. Tel.: +86 10 62849515; fax: +86 10 62849515.
E-mail address: fszhang@rcees.ac.cn (F.-S. Zhang).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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l magnetic field after the adsorption process.
© 2010 Elsevier B.V. All rights reserved.

related both to the amount of iron loaded and dispersion and sur-
face accessibility of this iron within the activated carbon [12]. In
particular, magnetic iron oxide-loaded activated carbon can also
solve the notoriously difficult separation of activated carbon by
using magnetic separation [13,14].

Unfortunately, to obtain these iron oxide-loaded activated car-
bon, the procedures are complicated and several single sequential
steps, including parent material preparation, activated carbon
oxidation and iron precursor impregnation, are needed [12]. In
addition, the high cost of the activated carbon is another limit-
ing factor for its widespread utilization. Under this situation, the
process which enables preparation of iron-impregnated activated
carbon through simple route and at low-cost is needed to be devel-
oped.

In the present study, we reported a novel and simple syn-
thetic approach to produce Fe3O4-loaded activated carbon using
the waste biomass. The produced composite was characterized and
the adsorption capacity of As(V) was investigated to valuate its
effectiveness for As(V)-contaminated wastewater treatment.

2. Experimental
2.1. Materials

Analytical grade sulfuric acid, nitric acid, sodium hydroxide
and ferric chloride were purchased from Beijing Chemicals Com-
pany and Na2HAsO4·7H2O was from Sigma–Aldrich. Waste biomass

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:fszhang@rcees.ac.cn
dx.doi.org/10.1016/j.cej.2010.03.003
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Table 1
Chemical analysis of the pinewood sawdust used in the present study.

Elemental analysis (%) Chemical composition (%) Ash
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3.1.2. Morphology studies
SEM images shows that pores with different sizes and different

shapes exist on external surfaces of both MN and MY as a result of
sulfuric acid activation (Fig. 2). Unlike smooth surface of the MN,
the surface of MY is much more coarse caused by the deposition of
C H Oa N S

43.25 6.01 50.43 0.21 0.10

a By difference.

pinewood sawdust) was obtained from a wood processing factory
n Beijing suburb and the results of chemical analysis were shown
n Table 1.

.2. Preparation of the Fe3O4-loaded activated carbon composite

The sawdust was firstly dried at 378 K for 24 h in an oven, air
ooled, and ground into dimensions ≤80 meshes. A proportion of
g of the sawdust sample and 20 ml 1.0 mol/L FeCl3 solution were
ixed followed by adding 10 ml 50% sulfuric acid. The resulting
ixture was ultrasonicated for 2 h for thorough mixing and aged at

33 K for 12 h. Subsequently the slurry was subjected to centrifugal
eparation. The recovered residue was set on a quartz boat which
as then inserted into a stainless tube and pyrolyzed in a horizon-

al pyrolysis reactor heated by electrical furnace. The sample was
eated to 873 K within 115 min under 30 ml/min nitrogen gas and
eld at 873 K for 60 min. After cooling inside furnace under nitro-
en atmosphere, the solid product was washed with de-ionized
ater until the filtrates were close to neutral. Subsequently the
roduct was dried at 333 K for 24 h and then kept in a desiccator
or use (designed as MY). Additionally, the product of the saw-
ust only impregnated with sulfuric acid was prepared under same
rocedure for comparison (designed as MN).

.3. Characterization of the composite

The structure properties were determined by XRD (Shimadazu,
apan) using graphite monochromatic copper radiation over the
� range 10–80◦. The BET surface areas were obtained from nitro-
en adsorption isotherms at 77 K using an ASAP 2010 analyzer
Micromeritics, USA). The surface morphology was examined by
canning electron microscopy (S-3000, Japan) and X-ray mapping
f Fe and O was performed using energy dispersive X-ray spectro-
cope (EDAX, USA) connected to the SEM. The MY was digested
n nitric acid and H2O2 and the iron content in MY was ana-
yzed by inductively coupled plasma optical emission spectroscopy
Perkin-Elmer, USA). The magnetic measurement was carried out
ith a vibrating sample magnetometer (Lakeshore 7307, USA). FTIR

nalysis was carried out using KBr pelletization method in the
avenumber range of 400–4000 cm−1 (Nicolet Nexus 670, USA).

he particle size distribution was measured on laser diffraction
article size analyzer SALD-2200 (Shimadzu, Japan). The determi-
ation of point of zero charge pHzc was carried out according to
he literature [15]. Briefly, eleven solutions of 0.1 mol/L NaCl were
arefully to be adjusted to the range from 2.0 to 12.0 and composite
as added to these solutions. The final pH of solution was plotted

gainst initial pH value and the pHzc was determined as the point
hat pH value did not change after composite contacting.

.4. Adsorption experiments

Stock As(V) solution (1000 mg/L) was prepared by dissolving

a2HAsO4·7H2O in de-ionized water and desired solutions were
repared by dilution of the stock solution. The pH value of the solu-
ion was manually maintained for adsorption experiments in such a
ay that, the initial solutions was adjusted to preset value and then
easured and adjusted at intervals of 2 h by nitric acid and sodium
Cellulose Hemicellulose Lignin

41 27 28 0.26

hydroxide (generally the pH did not show significant change after
6 h reaction). Adsorption experiments were carried out by batch
method. For each experiment, 20 mg MY was weighed into 150-ml
glass bottle and contacted with 100 ml of As(V) solutions. The bot-
tles were sealed and placed in a shaker for until predetermined
time was reached. The solutions were filtered and the concen-
trations of As(V) in the filtrate were determined by ICP-OES. The
amount of As(V) adsorbed onto the adsorbent at time t, qt (mg/g),
was calculated as follows:

qt = (Cini − Ct)V
W

(1)

where Cini and Ct (mg/L) are the initial and final concentration of
As(V) at time t in the solutions, respectively, W (g) the amount of
the adsorbent used and V (L) the volume of As(V) solution.

3. Results and discussion

3.1. Characterization of the composite MY

3.1.1. XRD studies
XRD patterns of MN and MY are presented in Fig. 1. The

diffraction of MN does not show any peak thereby indicating the
amorphous phase of the carbon prepared by the sulfuric acid acti-
vation. However, the formation of iron oxide phase with a spinel
structure (magnetite, Fe3O4, or maghemite, �-Fe2O3) is confirmed
by the pattern of MY (peaks at 2� = 18.30, 30.10, 35.30, 37.09,
42.90, 53.46, 56.76, 62.35) [16]. Taking into account the reducing
atmosphere created by the sawdust pyrolysis, the �-Fe2O3 can be
reduced to Fe3O4 [17]. Therefore, it can be safely concluded that
iron oxide in the MY was in the form of Fe3O4. The hypothesis was
confirmed by the latter FTIR analysis. Besides, due to the overlap of
the peaks, the diffraction peak centered at 2� = 42.90 can be indexed
with iron carbide Fe2C formed at present pyrolysis process.
Fig. 1. X-ray diffraction patterns of MN and MY.
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Fig. 2. SEM images of MN and MY.
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suggested the slit-shaped porous nature of MY [21]. In spite of the
Fe3O4 loading, the surface area of MY developed at present study
exceeded or was comparable to some carbon materials from waste
Fig. 3. X-ray mapping

he Fe3O4 particles. Furthermore, two-dimensional X-ray mapping
f selected zone of MY was carried out to investigate the distri-
ution of Fe and O elements in the carbon matrix (Fig. 3). Most
f Fe species identified as Fe3O4 was confirmed by the fact that
he O signal is stronger than Fe signal and this result was in good
greement with the XRD observation. This analysis also revealed
hat Fe3O4 was almost uniformly deposited on the surface of the
arbon.

.1.3. FTIR analysis
The functional groups on the surface of MY and MN were inves-

igated by FTIR spectra (Fig. 4). The FTIR spectra shows the shapes
f both carbons are simple and similar and the main difference
etween them is that there is a broad adsorption band around
86 cm−1 in MY. This band was attributed to the stretching vibra-
ion and the torsional vibration of Fe–O bonds in the tetrahedral

ites and in the octahedral sites of Fe3O4 [18]. The characteristic
dsorption around 630 cm−1 was not observed in the FTIR spec-
rum, which suggested the absence of the �-Fe2O3 in composite

Y [18,19]. The band around 1500–1590 cm−1 in both MN and
Y was assigned to ring vibration in a large aromatic skeleton or

Fig. 4. FTIR spectra of MN and MY.
for Fe and O elements.

carbon–carbon double bonds generally found in activated carbons
[20].

3.1.4. Surface area and pore properties
The porous property changed significantly due to the adding

of FeCl3 during the pyrolysis process and in comparison with MN,
the BET surface area of MY decreased ca. 39% with surface area of
349 m2/g and pore volume of 0.20 cm3/g (Table 2). MN shows type-
I adsorption isotherm indicating MN is predominant microporous
and a relative small external surface area while isotherm of MY is an
intermediate between type-II and type-IV, implying the presence of
substantial mesopores in MY [21]. In addition the hysteresis loop
of H3 showing non-limiting adsorption at high relative pressure
biomass reported in literature qualitatively [22–24].

Table 2
Physical properties of MN and MY and adsorption constants for As(V) onto the
adsorbents.

Sample MN MY

Surface property
Specific surface area (m2/g) 572 349
Total pore volume (cm3/g) 0.28 0.20
Fe (wt.%) – 39
Saturation magnetization (emu/g) – 47.67
Coercive force (Oz) – 149.26
pHzc – 7.05

Langmuir model
qmax (mg/g) 43.7 204.2
KL × 102 (L/mg) 2.19 0.54
R2 0.97 0.93

Freundlich model
KF ((mg/g)(L/mg)1/n) 1.90 1.58
n 1.59 1.19
R2 0.94 0.99

– Not available.
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Fig. 5. Particle size distribution of the composite MY.

.1.5. Magnetic properties
The particle size distribution of MY was analyzed and the result

as shown in Fig. 5. According to the result, the composite parti-
les distributed in the range from 0.30 to 5.48 �m with the mean
article size 1.98 �m. The small size MY dispersed in water can be
emoved easily by placing a conventional magnet near the beaker
esulting in a clear solution. The detailed measurement results of
agnetic property of MY by VSM shows that a characteristic hys-

eresis loop is present, indicating the ferromagnetic character of the
ample. The saturation magnetization value is 47.67 emu/g, which
s high enough to enable MY to be manipulated by the conventional

agnets. The most significant results form the magnetic measure-
ent for MY is the low coercive force HC = 149.26 Oe and the ratio

etween the remanent and saturation magnetization ca. 0.20, indi-
ating that this magnetic composite could be easily separated by
n external magnetic field.

.2. Adsorption of As(V) from aqueous solutions

.2.1. Effect of pH on As(V) adsorption
The adsorption of As(V) onto MY as a function of pH was investi-

ated to find the optimum pH value. The initial As(V) concentration
as 40 mg/L and the contact time for As(V) adsorption was kept

t 6 h. From Fig. 6, it can be seen that the As(V) adsorption is
lightly increased with the increase of pH value and the maximum is
chieved at the pH 8.0. As the pH is further increased, the adsorp-
ion decreases sharply and the adsorption capacity became very

mall at pH 12.0. The adsorption of As(V) onto MY is supposed to
ainly through two routes: affinity adsorption and chemical reac-

ion with Fe3O4 [25]. Affinity adsorption relates to the surface area
f adsorbent while chemical reaction relates to the existing forms
f the As(V) species. Considering the effect of pH, it can be safely

able 3
arameters of pseudo-first-order and pseudo-second-order kinetics models for As(V) ads

Initial concentration (mg/L) T (K) Pseudo-first-order mode
log(qe − qt) = log qe − k1t/

qe k1

10 293 4.7 0.40
303 5.9 0.41
313 6.8 0.44

25 293 10.3 0.33
303 12.4 0.42
313 11.9 0.35

40 293 13.8 0.19
303 19.9 0.36
313 20.0 0.34
Fig. 6. Adsorption of As(V) onto MY as a function of solution pH (adsorbent dose
0.2 g/L; As(V) concentration 40 mg/L; temperature 303 K).

concluded that the chemical reaction dominated the adsorption of
As(V) onto MY. Taking into account of the fact that the surface of
the composite MY was negatively charged at pH > pHzc 7.05 and
increased negatively charge of As(V) at high pH value, the decrease
trend of adsorption resulted from the enhanced electrostatic repul-
sion between the adsorbent MY and As(V) [26].

3.2.2. Kinetic study
The adsorption kinetic was investigated under different As(V)

concentrations (10, 25, 40 mg/L) and temperatures (293, 303 and
313 K) at pH 8.0. It was found that the adsorption capacity increased
along with the increase of temperature and initial As(V) concen-
tration. The adsorption capacity increased with the increase of
temperature, suggesting that As(V) adsorption onto MY was an
endothermic process. Due to the sufficient energy provided by the
promoted temperature, more As(V) reached and adsorbed onto MY
interior structure, resulting in the higher adsorption capacity. As for
the increase of adsorption with the increased initial As(V) concen-
tration, it was explained by a higher probability of contact between
the MY and As(V). Generally, the contact time for 95% removal equi-
librium was less than 6 h under tested conditions. The data were
analyzed according to the pseudo-first-order and pseudo-second-
order equations. The kinetic parameters obtained from the analysis
are shown in Table 3 and Fig. 7 shows the plots with initial As(V)
concentration 40 mg/L at tested temperatures. As can be seen from
the results, that adsorption kinetics for As(V) onto MY was best
described by pseudo-second-order model.
3.2.3. Adsorption isotherms
The adsorption capacity of As(V) onto MY was evaluated through

the determination of the adsorption isotherm (MN for comparison).

orption onto MY.

l
2.303

Pseudo-second-order model
t/qt = 1/(k2q2

e) + t/qe

R2 qe k2 × 102 R2

0.90 4.8 11.2 0.99
0.88 5.3 9.7 0.99
0.94 6.0 7.8 0.99

0.96 12.6 6.2 0.98
0.78 16.2 5.9 0.96
0.83 21.3 4.6 0.99

0.96 28.9 2.9 0.99
0.73 32.5 2.6 0.99
0.63 35.6 2.2 0.99
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Table 4
Comparison of the maximum monolayer adsorption of As(V) onto various
adsorbents.

Adsorbent Equilibrium pH qmax (mg/g) Reference

Fe3O4-loaded
activated carbon

8.0 204 Present paper

Activated carbon MN 8.0 43.7 Present paper
Iron-containing

granular activated
carbon (NaClO2)

4.7 6.57 [10]

Iron-modified
activated carbon

8.0 43.6 [12]

Magnetite 8.0 172.5 [26]
Arc-carbon 6.4 30.5 [28]
Hydrous ferric

oxide-granular
activated carbon

7.5 10.5 [29]

Iron(III) loaded
orange waste

10 68.6 [30]

Iron-containing
mesoporous

7.9 5.2 [31]
ig. 7. Effects of contact time and temperature on As(V) removal capacity by MY
adsorbent dose 0.2 g/L; pH 8.0; As(V) concentration 40 mg/L).

n present study, Langmuir and Freundlich models are applied to
escribe the relationship between the amount of As(V) adsorbed
nd its concentration of equilibrium in solutions. The forms of the
wo isotherms are

Ce

qe
= 1

qmaxKL
+ Ce

qmax
Langmuir model (2)

og qe = log KF + 1
n

log Ce Freundlich model (3)

here qmax (mg/g) is the maximum adsorption capacity of As(V)
nto the composite, Ce (mg/L) the equilibrium concentration of the
s(V), KF (L/mg) and KL ((mg/g)(L/mg)1/n) the constants for Lang-
uir and Freundlich models, respectively.
Based on our preliminary experiments, a time of 24 h was used

or adsorption isotherm at 303 K for achieving complete equilib-
ium and the results are displayed in Fig. 8 and Table 2. Within
he examined concentration range (20–100 mg/L), As(V) adsorption
apacities were 6.8–28.0 mg/g and 12.2–61.0 mg/g onto MN and
Y, respectively. In comparison with MN, the adsorption data could

e described well by the Freundlich model rather than Langmuir
odel for MY (R2 was 0.93 and 0.99 for Langmuir and Freundlich

t, respectively). The well fitting of Freundlich was attributed to

he fact that Freundlich expression is an empirical equation based
n a heterogeneous surface while Langmuir model assumes that
he adsorption of the metal ions occurs on a homogeneous sur-
ace by monolayer without any interaction between the adsorbate

ig. 8. Adsorption isotherms of As(V) onto MN and MY (temperature 303 K; adsor-
ent dose 0.2 g/L; pH 8.0).
carbon (IMC)
Granular ferric

hydroxide (GFH)
6.5 2.0 [32]

and adsorbent. The magnitude of the Freundlich exponent, n, is
an indicator of the favorability of adsorption, with exponent val-
ues between 1 < n < 10 showing a beneficial adsorption [27]. The
Freundlich exponent, n, obtained in this study was 1.19, indicat-
ing a favorable As(V) adsorption onto MY. Various active sites and
heterogeneous property on the surface of the composite MY led
to different affinities to As(V), resulting in deviation of the Lang-
muir isotherm model. The values of qmax and KL calculated from
the Langmuir plots were 204.2 mg/g and 0.0054 L/mg, respectively.

Table 4 shows the comparison of the maximum monolayer
adsorption capacities of various adsorbents for As(V) and the value
of MY developed in present study is higher than MN and other
adsorbents in previous studies. Taking into account of the high
saturation magnetization, the MY developed in present study was
an efficient magnetic adsorbent for As(V) removal from aqueous
solutions.

4. Conclusions

A simple and versatile method for producing Fe3O4-loaded acti-
vated carbon (MY) which was effective for As(V) removal was
successfully developed in this study. The composite, exhibiting
large surface area of 349 m2/g and 39 wt.% of iron content, was
effective for As(V) adsorption. The maximum adsorption capacity
for As(V) was 204.2 mg/g given by Langmuir model when 0.2 g/L
MY was applied at 303 K. Furthermore, saturation magnetization
of the composite was 47.67 emu/g, which allowed it to be removed
easily by an external magnetic field.

This synthetic strategy offers two significant advantages: the
starting materials are waste biomass, and the production of
activated carbon and the loading of Fe3O4 are accomplished simul-
taneously through a simple step. Thus, it is believed that the
proposed process is attractive for producing low-cost magnetic
Fe3O4-contained composite and the developed composite is indus-
trially applicable for As(V)-contaminated wastewater treatment.
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