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a  b  s  t  r  a  c  t

The  magnetic  Fe3O4/C core–shell  nanoparticles  have  been  synthesized  by a simple  strategy  and  used  as
adsorbents  for  removal  of organic  dyes  from  aqueous  solution.  The  resulting  products  are  characterized  by
scanning  electron  microscope  (SEM),  energy  dispersive  X-ray  spectrometry  (EDX),  X-ray  photoelectron
spectroscopy  (XPS),  X-ray  diffraction  (XRD),  Raman  spectra  and Fourier  transform  infrared  spectra  (FTIR).
Adsorption performances  of  the  nanomaterial  adsorbents  are  tested  with  removal  of methylene  blue  (MB)
eywords:
agnetic separation

e3O4/C
dsorption
ethylene blue

and  cresol  red  (CR)  from  aqueous  solution.  The  effects  of  solution  pH  value,  adsorption  time  and  capacity
of the  nanocomposites  have  been  fully  investigated.  The  results  reveal  that  the  nanospheres  can  be  easily
manipulated  by  an  external  magnetic  field  with  high  separation  efficiency.  In  addition,  the  process  is
clean  and  safe  for purifying  water  pollution.  The  prepared  Fe3O4/C  complex  nanomaterials  could  thus  be
used  as  promising  adsorbents  for the  remove  organic  dyes,  especially,  cationic  dye,  from  polluted  water.
resol red

. Introduction

Organic dyes are widely used in various fields and seriously
nduce water pollution. Most of the industrial dyes are toxic, car-
inogenic, and teratogenic [1] and unfortunately most of them
re stable and resistance to photo degradation, biodegradation,
xidizing agents [2].  Conventional physicochemical and biological
reatment methods are ineffective for removal these dyes due to
heir extreme stability. Hence, adsorption technique becomes one
f the preferable choices to purify the waste water which contain-
ng dyes.

Recently, magnetic loaded adsorbent materials have gained spe-
ial attention in water purification [3],  based on their numerous
dvantages such as high separation efficiency, simple manipula-
ion process, kind operation conditions [4] and easy specifically
unctional modifications. Gong et al. prepared magnetic multi-
all carbon nanotube nanocomposite as an adsorbent for removal

f cationic dyes from aqueous solution [5].  Ai et al. and Luo
t al. reported that the magnetic composites with activated
arbon could efficiently adsorb organic dyes [6,7], respectively.
argar et al. reported that iron oxide nanoparticles coated with
etyltrimethylammonium bromide (CTAB) performed as a high

fficient adsorbent for removal of amaranth (AM) from water solu-
ion [8].  While Elwakeel and Zhu et al. found that when the iron
xide nanoparticles cross-linked with chitosan, the removal ability
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to reactive black 5 and hazardous azo dye were greatly improved
[9,10]. Other magnetic particles, including magnetic silica modified
with amine groups and magnetic alginate beads cross-linked with
epichlorohydrin, were found adsorb acid orange 10 [11] and similar
dyes [12,13] with high efficiency. However, little study is done on
adsorption of dyes by magnetic particles cross-linked with carbon
until now, which is easily synthesized, particularly economic and
environment friendly.

In this work, using FeCl3·6H2O as an iron source and glucose
as a carbon source, novel superparamagnetic Fe3O4/C core–shell
nanoparticels were prepared as adsorbents for removal of organic
dyes from aqueous solution. The composites displayed high effi-
ciency to adsorb contaminants from aqueous effluents. And after
adsorption accomplished, they can be easily separated from the
water by an adscititious magnetic field. The adsorption kinetics was
fully investigated and two  typical dyes, methylene blue (MB) and
cresol red (CR), were employed as model organic pollutants to test
the adsorption performance of the nanoparticles.

2. Experimental

2.1. Materials and methods

Ferric trichloride (FeCl3·6H2O), sodium acetate anhydrous were
obtained from Shanghai Wenming Biochemical Science & Tech-

nology Co., Ltd (Shanghai, China). Glucose, sodium hydroxide,
concentrated nitric acid were purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). Ethylene glycol was bought from
Shanghai Qiangshun Chemical Reagent Co., Ltd (Shanghai, China).

dx.doi.org/10.1016/j.jhazmat.2011.07.033
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jlkong@fudan.edu.cn
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Fig. 1. SEM image of Fe3O4/C nanospheres.
26 Z. Zhang, J. Kong / Journal of Haz

ethylene blue and cresol red were bought from Shanghai Chem-
cal Reagent NO. 3 Co., Ltd (Shanghai, China). All chemicals used in
his study were analytical grade. Double distilled water was  used
hroughout.

Scanning electron microscope (SEM) micrograph of sample was
aken using a Philips XL 30 electron microscope (Philips, Holland)
ith an accelerating voltage of 20 kV. Energy dispersive X-ray

EDX) spectrometry was carried out with spectroscope (Oxford,
NCA) attached to SEM. X-ray diffraction (XRD) measurement was
erformed on a Bruker Advance 8 (Germany). X-ray diffractome-
er using Cu K� radiation (� = 0.1524 nm)  from 20◦ to 70◦ (2�).
n infrared spectra analyzed was obtained from FTIR (Fourier
ransform Infrared Spectrometer, Nicolet, Avatar-360, USA). The
aman spectrum image was measured by Raman spectrome-
er (� = 632.8 nm,  Labram-1B, Dilor Co., France). Ultraviolet–visual
dsorption spectra measurements were from UV–vis absorption
pectrometer (HP8453, USA). XPS experiments were carried out on

 RBD upgraded PHI-5000C ESCA system (Perkin Elmer) with Mg
� radiation (h� = 1253.6 eV) or Al K� radiation (h� = 1486.6 eV). In
eneral, the X-ray anode was run at 250 W and the high voltage
as kept at 14.0 kV with a detection angle at 54◦.

.2. Preparation of Fe3O4 nanospheres

The preparation of magnetic nanoparticles was  based on
he previously reported procedures [14,15]. Briefly, FeCl3·6H2O
1.35 g), ethylene glycol (40 mL)  were mixed and stirred period
f time until FeCl3 complete dissolution, then sodium acetate
nhydrous (3.6 g) was added and reacted vigorously to acquire a
ransparent solution. Then the mixture was transferred to a Teflon-
ealed autoclave at 200 ◦C for 8–16 h. The obtained products were
ooled naturally, and washed several times with hot water and
thanol. Finally, dried at 60 ◦C, stand by to application.

.3. Synthesis of Fe3O4/C nanoparticles

The synthesis method was referring to some reported work
16,17]. In brief, as-prepared Fe3O4 (200 mg)  nanoparticles were
ispersed in a 0.1 mol  L−1 HNO3 solution for 10 min, then followed
y washing with deionized water several times. Subsequently, the
reated magnetic nanospheres were dispersed in 0.5 mol  L−1 glu-
ose solution (20 mL)  under vigorous stirring. After stirring for
nother 10 min, the solution was transferred to a Teflon-sealed
utoclave and kept at 180 ◦C for 8–16 h then cooled naturally. The
btained products were separated by a magnet and washed several
imes with deionized water and ethanol. At last, they will be dried
t 60 ◦C for future use.

.4. Adsorption experiments

The experiments were carried out in glass bottles at room
emperature. 5 mL  of organic dyes solution of known initial concen-
ration was shaked with different mass magnetic composites and
ifferent reaction conditions on a shaker at 250 rpm. The initial pH
alue of the dye solutions were adjusted with 0.1 mol  L−1 HNO3 or
.1 mol  L−1 NaOH solution using a pH meter. After magnetic sep-
ration using an external magnet, the equilibrium concentrations
f dyes were measured with UV–vis spectrophotometer at appro-
riate wavelengths corresponding to the maximum absorbance of
ach dyes, 663 nm and 433 nm for MB  and CR, respectively. Using
he Lambert–Beer law as listed below and matching their absorp-
ion maximum to a predetermined standard curve of MB and CR,

espectively, the final concentration of the dyes in solution can be
alculated:

 = �bc
Fig. 2. EDX spectrum of Fe3O4/C nanoparticles.

where A is the absorbance, � is the absorptivity, b is the optical
distance, and c is the solution concentration.

3. Results and discussion

3.1. Synthesis and characterization of the Fe3O4/C nanospheres

Using a two-step synthesis route for the preparation of Fe3O4/C
nanospheres, we  prepared magnetic nanoparticles coated with car-
bon. Firstly, using FeCl3 as an iron source, and ethylene glycol as
both solvent and reductant, Fe3O4 magnetic nanospheres were
obtained. Subsequently, the magnetic nanospheres were coated
with a layer of carbon using glucose as a carbon source. After
hydrothermal reaction with glucose, the Fe3O4 particles were mod-
ified with a hydrophilic carbonaceous layer. SEM image in Fig. 1
demonstrates that the prepared Fe3O4/C nanomaterials are spher-
ical, narrowly distributed, and well dispersed, with average size
about 250 nm in the diameter. The chemical composition of the
nanoparticles was analyzed by EDX. The EDX spectrum (Fig. 2)
shows iron, oxygen and carbon. It reveals that the iron was from
magnetic Fe3O4, and carbon was  from glucose production reacted.
The nanomaterial was  further confirmed and quantitative analy-
sis by XPS, as shown in Fig. 3. From the distribution of the iron
oxide and carbon in the sample indicated by XPS, which are in good
agreement with the values reported for Fe3O4 in the literature [18].
The quantitative analysis indicated the molar presence of carbon
(74.71%), oxygen (24.60%) and iron (0.69%) in the nanocomposites.

The XRD pattern of the magnetic particles was presented in

Fig. 4. It shows that the diffraction peaks correspond to the (2 2 0),
(3 1 1), (4 0 0), (4 2 2) and (4 4 0) suggests the particles could be
easily indexed to Fe3O4, plus no obvious sharp diffraction peak
corresponding to the graphite is present indicating that most of
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Fig. 3. XPS spectrum of Fe3O4/C nanoparticles.

Fig. 4. XRD patterns of Fe3O4 and Fe3O4/C nanoparticles.
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Fig. 6. FTIR spectrum of Fe3O4/C nanospheres.

Fig. 7. Chemical structures of MB  and CR.

Fig. 8. Photographs of Fe3O4/C composites adsorption behavior and magnetic sepa-
Fig. 5. Raman spectrum of Fe3O4/C nanomaterials.

he carbon prepared with this method is amorphous [17,19]. Fig. 5
isplays Raman spectra of the Fe3O4/C nanomaterials. In low wave
umber region, there are peaks at 215, 282, 678 cm−1, which are

n accordance with that of Fe3O4 [18,20,21].  In addition, the two
istinct peaks at 1344 and 1559 cm−1 can be assigned to the “D”
nd “G” band of carbon materials [22,23].  That is from the glu-
ose hydrothermal reaction, then coating to the surface of magnetic
anoparticles. Furthermore, the carbonization of glucose during a
ydrothermal treatment is due to the cross linking of the inter-
olecular dehydration products of the glucose, oligosaccharides

nd/or other macromolecules derived from glucose, according to
he previous reports [24]. FTIR spectra is used to analyze the
btained Fe3O4/C nanospheres and demonstrates that the strong IR

and at 579 cm−1 is characteristic of the Fe–O vibrations, the peaks
t 1581 cm−1 and 1699 cm−1 are attributed to C C and C O vibra-
ions, and the peak at 3449 cm−1 implied the existence of residual
ydroxyl groups (Fig. 6) [17,25,26].  Those hydrophilic functional
ration phenomenon. Blue solution is MB  solution, after mix with Fe3O4/C composite
a  few hours later, magnetic separation by an external magnet can obtain a clear
solution.

groups result in the enhanced hydrophilia of the obtained compos-
ites.

3.2. Adsorption and removal of dyes from aqueous solution

Dyes removal experiments were carried out by adsorbing MB
and CR from aqueous solution and the structures of MB and CR have
been displayed in Fig. 7. In the test, Fig. 8 shows the photographs
of the Fe3O4/C nanomaterials adsorption process. The nanospheres
were dispersed in the dye solution firstly, and after a few hours
later, attracted and separated by an external magnet easily, then
the solution had been mostly purified as shown.

The effect of contact time on the amount of dye adsorbed was
investigated at 10 mg  L−1 initial concentration of both dyes. It can
be observed from Fig. 9 that the dye adsorption increases with the
increase of treating time, the sample attained about 90% of the
adsorption capacity at equilibrium within 2.5 h.

The dye removal percentage was  calculated as [1]:

%removal = C0 − Ct × 100

C0

where C0 and Ct (mg  L−1) are the concentration of dye in the solu-
tion at initial and equilibrium time, respectively.
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Fig. 9. The effect of contact time on the adsorption of dyes (MB  and CR) to Fe3O4/C
nanomaterials (C0 = 10 mg  L−1).

Fig. 10. The effect of pH on the adsorption of dyes to Fe3O4/C nanomaterials
(C0 = 10 mg  L−1).
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ig. 11. The effect of different dye equilibrium concentrations to Fe3O4/C nanoma-
erials.

The effect of pH on adsorption of dyes was investigated in Fig. 10
rom pH 3 to 10; except for CR was only conducted from pH 3 to

 for avoiding detection error due to its color change after pH 8.
olution pH may  affect both aqueous chemistry and surface binding
ites of the adsorbent [6].  For MB,  the pH regulates the ionization of
oth Fe3O4/C nanoparticles and MB,  so it has significant influence
n the adsorption process. Generally, Fe3O4/C nanoparticles adsorb
ore MB  at higher pH values, this phenomenon can be explained

n the basis of the added the negative charge of the nanomaterials
urface, which would enhance the electrostatic interaction of nano-

aterials and MB.  Similarly, the pH-regulated adsorption behavior

s also observed in the studies of other carbon adsorbents [27]. For
R, the observed decrease in the uptake value along with pH valve
nhanced from 3 to 8, may  be attributed to the Fe3O4/C nanopar-

[
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ticles were ionized and had more negative charges, which would
enhance the electrostatic repulsion of nanomaterials and negative
charged dye (CR). As shown in Fig. 11,  the adsorption capacity of
MB is higher than CR at all concentration ranges. The maximum
adsorption capacities at 298 K in the concentration range studied
are 44.38 mg  g−1 and 11.22 mg  g−1 for MB  and CR, respectively. The
amount of dye adsorbed (Qe) was calculated using the equation
[2,28,29]:

Qe = C0 − Ct
V

m

where C0 and Ct are the initial and equilibrium concentrations of
dye (mg  L−1), m is the mass of Fe3O4/C nanomaterials (g), and V is
the volume of solution (L).

The higher adsorption capacity for MB  may be attributed to
those functional groups (such as –OH, C O) on the composite sur-
face as well as negative potential of the magnetic nanocomposites
that provide weak electrostatic interaction between the cationic
dye and the nanomaterials.

4. Conclusion

Super paramagnetic Fe3O4/C nanoparticles with average size
∼250 nm in the diameter have been synthesized for removal of the
cationic dyes from water. The prepared magnetic nanospheres can
be well dispersed in the aqueous solution and easily separated from
the solution in 10 s using an external magnet after adsorption. The
adsorption capacities for MB  and CR in the concentration range
studied are 44.38 mg  g−1 and 11.22 mg  g−1 respectively. The pro-
cess of purifying water pollution presented here is clean and safe
using the magnetic nanomaterials. Hence, it provides a simple and
environment friendly separation tool for removal of organic dyes
or other pollutants.
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