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Abstract Carbon materials such as activated carbons have
been used in the field of water and wastewater treatments.
However, the lack of mesopore and, particularly, the dif-
ficulty in recovering the spent carbon limited their appli-
cations. In this work, magnetic mesoporous carbon micro-
spheres were synthesized by impregnating iron oxide pre-
cursors in the mesoporous carbon followed by the in situ
conversion of the precursors into magnetite nanoparticles.
The as-synthesized carbon microspheres with a high surface
area of 742 m2/g and large mesopores of ∼4.4 nm exhibited
an excellent adsorption capacity for aqueous organic pollu-
tants. The superparamagnetic microspheres with a saturation
magnetization of 7.15 emu/g can be easily separated from
the treated solution by external magnetic field.
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1 Introduction

The Earth’s water resources are being increasingly contam-
inated along with the rapid developments of industry and
agriculture, which pose a major environmental health risk
to humankind. Particularly, the effluents from textile plants
containing portions of dyes, which are deeply colored, non-
biodegradable and high toxic, have caused increasing envi-
ronmental concerns (Lewis et al. 1999). Removal of pol-
lutants by adsorption is clearly one of the most effective,
economical and easily regenerated ways for environmental
clean-up compared to other methods such as chemical pre-
cipitation, liquid-liquid extraction, membrane filtration, ion
exchange (Li et al. 2005; Zhang et al. 2009; Mansouri et al.
2010). Mesoporous carbon materials with uniform poros-
ity, high surface area, large pore volume, good thermal sta-
bility and chemical inertness, have gained increasing atten-
tions in catalysis, adsorption, host-guest chemistry, environ-
mental technology, and biomedical fields (Joo et al. 2001;
Liang et al. 2008). However, it is difficult to separate meso-
porous carbon materials from liquid phase because of their
small particle sizes. A way to solve this is to induce mag-
netic nanomaterials into mesoporous carbon materials. The
magnetic mesoporous carbon materials attract great inter-
ests in many fields because of their unique properties (Zhao
et al. 2003; Son et al. 2005; Sun et al. 2006; Gao et al. 2007;
Deng et al. 2011; Liu et al. 2011; Zhang et al. 2011;
Wu et al. 2012). There are generally two routes to synthesize
magnetic mesoporous carbon. One route is the “one-pot”
block-copolymer self-assembly strategy associated with di-
rect carbonization from carbon source, metal salt and block
copolymers (Zhai et al. 2009; Wang and Dai 2009; Yao et al.
2009). Zhai et al. fabricated mesoporous γ -Fe2O3/carbon
composites by the self-assembly method (Zhai et al. 2009).
The other route is the nanocasting strategy by infiltration
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of carbon precursors and metal source into the mesopores
of the silica template, followed by thermal polymeriza-
tion, and subsequent removal of the silica framework. Co
nanoparticles were successfully immobilized onto the or-
dered mesoporous CMK-3. The mesocellular carbon foam
was then used as magnetically separable adsorbents and
hydrogenation catalyst support (Lu et al. 2004). Likewise,
Fe2O3 nanoparticles were encapsulated into CMK-3 and
carbon nanocages (Souza et al. 2008). Tian et al. developed
a facile route for incorporation of superparamagnetic Fe3O4

nanoparticles onto the external surface of mesoporous car-
bon CMK-3 (Tian et al. 2007). Guo and coworkers synthe-
sized magnetically separable mesoporous carbon compos-
ites by integrating carbon-coated magnetic particles onto the
mesoporous carbon particle surface via cocasting method
(Guo et al. 2009). Despite of considerable progress in the
synthesis of mesoporous carbon, there is still no reliable
process of introduction of magnetite into mesoporous car-
bon while retaining their porous structure (Liu et al. 2006).
The reduced surface area and pore volume resulted from the
pore clogging, the amorphous pore wall of the mesoporous
materials, the complicated multistep synthetic process, and
the low loadings of magnetic composite restrict their ap-
plications. A facile synthesis of magnetic mesoporous car-
bon with high surface area, large pore volume and strong
magnetic responsiveness is desired. Herein, we developed a
“one-pot” synthesis route to magnetic mesoporous carbon
by impregnating iron oxide precursors into the mesoporous
carbon followed by in situ conversion of the precursors into
magnetic nanoparticles. The as-prepared magnetic meso-
porous carbon material showed a remarkably enhanced ad-
sorption rate, higher adsorption capacity and higher removal
efficiency for organic pollutants from aqueous solution com-
pared with Fe3O4 coated with amorphous carbon. Further-
more, magnetic mesoporous carbon material can be easily
separated from the liquid phase after adsorption, which is
very important in water treatment application.

2 Experimental

2.1 Chemicals

FeCl3 · 6H2O, sodium acetate, ethylene glycol, tetraethy-
lorthosilicate (TEOS), glucose, sucrose, polyethylene glycol
(PEG Mw = 1500), active carbon (AC, BET 430.8 m2/g)
were purchased from Sinopharm Chemical Reagent Co. Ltd,
China. PEO-PPO-PEO (P123) was supplied from Sigma-
Aldrich.

2.2 Synthesis procedure

The preparation of the mesoporous carbon material was con-
ducted by following the procedures in literature (Zhao et al.

1998; Jun et al. 2000). 1.08 g FeCl3 · 6H2O and 2.88 g
sodium acetate were dissolved in 40 mL of ethylene gly-
col under magnetic stirring for 4 h at room temperature to
afford a homogeneous yellow iron oxide precursor solution.
Then 0.1 g mesoporous carbon was stirred with 5 mL of pre-
synthesized iron oxide precursor solution, the slurry mix-
ture was transferred into a Teflon-lined stainless autoclave
and heated at 200 ◦C for 12 h. The obtained black product
(denoted Fe/MC) was collected with magnet, washed with
deionized water and ethanol, each for three times.

For comparison, Fe3O4 coated with amorphous carbon
denoted Fe/C was synthesized as follows: Fe3O4 nanoparti-
cles were synthesized as described in the literature (Zhang
et al. 2008). 0.1 g Fe3O4 sample was treated with 70 mL
0.1 M HCl solution by ultrasonication for 15 min, then sep-
arated and washed with deionized water. Afterwards it was
homogenously dispersed in the mixture containing 8 g glu-
cose, 0.5 g PEG and 40 mL deionized water. The resul-
tant solution was ultrasonicated and mechanically stirred
for 40 min. The obtained solution was then transferred into
a Teflon-lined stainless autoclave at 180 ◦C for 14 h. The
black products were collected with magnet, washed with
deionized water and ethanol, then dried in oven at 60 ◦C
for 12 h. Finally, the products were carbonized at 900 ◦C for
6 h under N2 flow.

2.3 Adsorption test

In a typical Rhodamine B adsorption experiment, 10 mg
Fe/MC powder was added into 100 mL of 20 mgL−1 Rho-
damine B solution. After stirring for a predetermined inter-
val, 3 mL supernatant was analyzed. For comparison, Fe3O4

coated with amorphous C was also tested as adsorbent. The
concentrations of Rhodamine B were quantified by UV-vis
spectroscopy at 554 nm after magnetic separation. For the
adsorption studies of phenol, 20 mg Fe/MC powder was
added into 100 mL of 50 mgL−1 phenol solution under stir-
ring for time-dependent measurements. After an interval,
3 mL supernatant was analyzed. For comparison, commer-
cial active carbon was also tested as adsorbent. The concen-
trations of phenol were determined by UV-vis spectroscopy
at 270 nm wavelength.

2.4 Measurements

Powder X-ray diffraction (XRD) analysis was performed
on Bruke D8 Advance X-ray powder diffractometer with
Cu Kα radiation (40 kV, 40 mA). Nitrogen adsorption-
desorption isotherm was measured at −196 ◦C on ASAP
2020 volumetric analyzer. Before analysis, the sample was
outgassed at 200 ◦C for 12 h under vacuum. The surface
area was calculated using Brunauer-Emmett-Teller (BET)
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method, the pore size distribution was derived from the des-
orption branch of the isotherm based on the Barrett-Joyner-
Halenda (BJH) model and total pore volume was deter-
mined from the amount of the nitrogen adsorbed at P/P0

ca. 0.99. Scanning electron microscopy (SEM) was recorded
using a Hitachi S-4200 scanning electron microscope. Sam-
ple was mounted using a conductive carbon double-sided
sticky tape, a ca. 10 nm thin coating of gold sputter was
deposited onto the sample to reduce the effects of charging.
Transmission electron microscopy (TEM) was recorded on a
JEOL JSM-2010F electron microscope operating at 200 kV.
Raman spectra were obtained on a LabRAM XploRA Ra-
man microscope with power 0.15 mW and an argon-ion
laser at an excitation wavelength of 532 nm. The Raman
spectra were collected by manually placing the probe tip
near the desired point of the sample on a glass slide at room
temperature. The magnetization curve was measured on a
Quantum Design MPMS-7 SQUID magnetometer at 300 K
under a varying magnetic field. Adsorption amounts and

Fig. 1 (A) Small-angle and (B) wide-angle XRD patterns of Fe/MC
and Fe/C

equilibrium concentrations were quantified by Perkin Elmer
Lambda 750 UV-vis spectroscopy.

3 Results and discussion

3.1 Characterizations of the sample

Figure 1 shows the powder X-ray diffraction patterns of
Fe/MC and Fe/C. The small-angle XRD pattern of Fe/MC
showed an intense peak at 0.9◦, which was attributed to
the (100) diffraction peak of the two-dimensional hexago-
nal mesoporous carbon, but the (110) and (200) peaks dis-
appeared because of the incorporation of magnetic species
into the porosity of mesoporous carbon (Fig. 1A). The
wide-angle XRD pattern of Fe/MC showed a broad diffrac-
tion peak at 22.5◦ attributed to peak of amorphous carbon
(Fig. 1B). The characteristic diffraction peaks at 29.98◦,
35.50◦, 43.15◦, 53.32◦, 56.83◦, 62.86◦ and 74.32◦ corre-
sponding to (220), (311), (400), (422), (511), (440) and
(622) reflections, were well indexed to the face-centered cu-
bic structured magnetite Fe3O4 (JCPDS file No. 19-0629).
No peaks were observed in the small-angle XRD pattern of
Fe/C, indicating the absence of ordered mesopore structure
in Fe/C. A broad peak centered at 20.83◦ was observed in
the wide-angle XRD pattern, indicating the amorphous car-
bon. The diffraction peaks characteristic of Fe3O4 were also
clearly observed on Fe/C.

N2 adsorption-desorption isotherm was measured on
Fe/MC to evaluate its textural properties (Fig. 2A). A hys-
teresis loop at a relative pressure around 0.4–0.99 ascribed
to type IV isotherm showed the presence of mesopores with
pore distribution centered at 4.4 nm and 20 nm (Fig. 2A
inset). The BET surface area was 742 m2g−1 and the pore
volume of 1.2 cm3/g. However, there was no hysteresis loop
at relative pressures of 0.4–0.99 in the sample Fe/C and its
BET surface area was low at 4.2 m2g−1, further confirming
the absence of mesopore in the Fe/C (Fig. 2B).

Fig. 2 Nitrogen
adsorption-desorption isotherm
of (A) Fe/MC inset: pore size
distribution (B) Fe/C
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Fig. 3 (A) SEM and (B) TEM
images of Fe/MC

Fig. 4 Raman spectra of Fe/MC and mesoporous C

The size and morphology of as-synthesized Fe/MC were
further investigated by SEM (Fig. 3A). It can be observed
that Fe/MC consist of uniform spheres with sizes of 500 ∼
600 nm. The surface of Fe/MC spheres is smooth and no
magnetic nanoparticles were observed on the surface, sug-
gesting the magnetic nanoparticles existed inside the pores
of Fe/MC as shown in TEM (Fig. 3B).

To gain more information of the carbon structure, Ra-
man spectra of mesoporous carbon and Fe/MC were mea-
sured and compared. As shown in Fig. 4, both samples ex-
hibited the peaks at 1325 cm−1 and 1598 cm−1. The peak
at 1325 cm−1, labeled as the D-band, is usually associated
with the vibrations of carbon atoms with dangling bonds for
the in-plane terminations of disordered graphite (Ferrari and
Robertson 2001). The peak at 1598 cm−1 (Band G) is due
to the sp2-bonded carbon-carbon stretching (E2g) mode in
a two-dimensional hexagonal lattice for graphene sheet (Hu
et al. 2003). The intensity ratio of the D and G bands (ID /IG)
has a physical meaning for the crystallinity or amorphicity

Fig. 5 M–H curve of Fe/MC

of carbon materials. The ID /IG of Fe/MC was slightly larger
than that of the mesoporous C sample, which suggested the
carbon in Fe/MC sample was more disordered because of
the induced magnetic composition, in agreement with XRD
result.

Superparamagnetism is the responsiveness to an applied
magnetic field after removal of the applied magnetic field.
The typical ferromagnetic curve of the sample Fe/MC exhib-
ited a saturation magnetization value at 7.15 emu/g (Fig. 5).
The superparamagnetic nanocomposite can be easily sepa-
rated by the external magnetic field.

3.2 Adsorption of organic pollutants

Figure 6 showed the changes in Rhodamine B concentration
with time after adsorption on Fe/MC and Fe/C. When 10 mg
sample was added into 100 mL 20 mgL−1 Rhodamine B
solution, over 85.45 % Rhodamine B was removed within
5 min, and Rhodamine B (99.25 %) was totally adsorbed
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Fig. 6 Successive UV-vis
spectra of Rhodamine B
adsorption on Fe/MC and Fe/C
after different time intervals

Fig. 7 The adsorption capacity of Fe/MC during Rhodamine B ad-
sorption tests with various concentrations

within 60 min. For comparison, Fe3O4 coated with amor-
phous carbon (BET surface area 4.2 m2g−1) showed very
low adsorption capacity (7 %) within 60 min. Higher adsorp-
tion rate on Fe/MC is mainly attributed to its higher surface
area, large pore volume and larger mesopores.

The adsorption of Rhodamine B solution of different con-
centrations v.s. time was shown in Fig. 7. The adsorption for
Rhodamine B was initially very fast (before 5 min) and ta-
pered off between 5–30 min until an adsorption equilibrium
was attained (after 30 min). Dye adsorption experiments in-
dicate that the as-prepared sample exhibits higher adsorp-
tion rate and higher capacity for dyes. Phenol, the highly
toxic products of the coal carbonization, was also chosen
as a model pollutant. Moreover, the adsorption amount is
much higher on Fe/MC than on AC (Fig. 8). The magnetic
nanocomposite can be successfully used as adsorbent for
fast, convenient, and efficient removal of organic pollutants
from wastewater, which will play important roles in the pu-
rification of industrial effluents.

Fig. 8 The adsorption capacity of Fe/MC and AC during phenol ad-
sorption tests

4 Conclusions

Carbon materials are widely used as sorbents in the field
of water and wastewater treatments. However, their small
pore sizes and difficulty in separation from liquid phase
after adsorption restrict their applications. To solve these
problems, magnetic mesoporous carbon material was syn-
thesized via a simple solvothermal route. The as-synthesized
microspheres have high surface area (742 m2/g) and large
mesopore (∼4.4 nm), which show high adsorption rate and
capacity for organic pollutants. Furthermore, the nanocom-
posite with a saturation magnetization of 7.15 emu/g is mag-
netically separable. The as-synthesized mesoporous carbon
is an efficient magnetically separable sorbent for wastewater
treatments.
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