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a b s t r a c t

A new kind of magnetic porous FeCo/carbon nanocomposites was successfully synthesized by using
a facile co-gelation sol–gel route. The sol–gel process of this route started from an ethanol solution
containing teraethylorthosilicate (TEOS), furfuryl alcohol (FA), and metal nitrates. With the evaporation
of solvent, the weak acidity produced from hydrolysis of metal nitrates simultaneously catalyzed the
eywords:
o-gelation sol–gel
agnetic porous nanocomposite

dsorption of bulk dyes

polymerization of FA and the hydrolysis of TEOS, which led to the inorganic/organic hybrid xerogel,
accompanying metal salts spontaneously captured in the xerogel. The composites obtained have high
surface areas, pore volumes and strong magnetic strengths, which make them exhibit excellent perfor-
mance of adsorption for bulk dyes and easily separated from solution by external field after adsorption.
Compared to the previous methods, this route is very simple and operable for the preparation of magnetic

s. Su
y em
porous carbon composite
of nanoscale metal or allo

. Introduction

The effluents from textile plants contain portions of dyes, which
re deeply colored, multicomponent, and low biodegradable, and
ave become one of the most serious pollutants in water [1]. For
xample, most dyes have high tinctorial value, and less than 1 ppm
f the dye produces an obvious coloration in water. Many methods
ave been developed for the removal of dyes, including adsorption,
hemical coagulation, photodegradation, biodegradation, active
ludge, etc. Among them, adsorption on porous carbons is one
f the most efficient processes for dye removal and decoloration,
ecause of large specific surface areas, pore volumes, chemical

nertness, and good mechanical stability of carbon. There has been
n increasingly large amount of the literature devoted to the study
f adsorption for the removal of aqueous-organic species using
ctivated carbon. However, the small particle sizes of activated
arbon often cause difficulties when trying to separate activated
arbon in liquid–solid phase processes. At present, magnetic sep-

ration technology has been paid more and more attention due
o the fact that it can be easily separated under an applied mag-
etic field. Recently, a series of magnetic composite materials have
een successfully synthesized and used in many applications. So
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ization, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences,
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ch facile co-gelation route also provides a common path to the synthesis
bedded in the porous carbon materials.

© 2010 Elsevier B.V. All rights reserved.

far, magnetic porous carbon composites have been focus on two
kinds of components containing iron oxide/carbon [2–9] and sin-
gle metal (Fe, Co or Ni)/carbon [10–15]. For example, Dong et al.
reported mesostructured �-Fe2O3/carbon composites synthesized
by a new cocasting method [3] and Lu et al. fabricated magnetic
CMK-3 by deposition Co nanoparticles on the outer surface of a
carbon/SBA-15 composite [10].

Fe-Co alloys have exceptional magnetic properties and they
exhibit high saturation magnetization, low coercivity, high curie
temperature and large magnetic induction. Recently, Fe–Co alloy
nanoparticles have been a subject of research for their unique
physical, chemical, and magnetic properties that differ from those
of the bulk materials [16,17]. In this paper, FeCo alloy nanopar-
ticles were successfully introduced into the porous carbon by a
facile co-gelation sol–gel route by using three kinds of precur-
sor containing teraethylorthosilicate (TEOS), furfuryl alcohol, and
metal nitrates. According to the precursors utilized, the sol–gel
process involves two types of gel routes, one of which is based
on hydrolysis-condensation of TEOS and the other is organic
polymeric gel of poly(furfuryl alcohol) (PFA) within an ethanol
solution containing TEOS, FA, and metal nitrates [18]. Compared
to the nanocasting route, the advantage of this method is that
the formation of silica template and the impregnation of carbon

precursor and metal salts were simultaneously carried out in a
co-gelation process, which makes the synthesis very simple and
eliminates the time-consuming synthesis of the silica template
and multi-steps impregnation process. The porous carbon compos-
ites have large surface areas and high saturation magnetizations.

dx.doi.org/10.1016/j.jallcom.2010.09.101
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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(Fig. S1), it can be seen that all the elements (C, Si, Fe, Co, O) in
the composites were almost uniformly distributed, indicating the
homogenization of the xerogel. In step 3, the final porous com-
posites were obtained after washing the silica framework, a hard
template, in hot NaOH solution.
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ifferent amounts of alloy loading lead to different pore features
nd magnetic properties. More importantly, the nanocomposites
ere successfully applied to removal of dyes from water as efficient
agnetically separable adsober.

. Experimental

.1. Synthesis of magnetic porous carbon composites

Magnetic porous carbon materials were prepared by co-gelation of furfuryl
lcohol, metal nitrates and teraethylorthosilicate at 40 ◦C and 80 ◦C, followed by a
arbonization treatment at 900 ◦C under inert gas and removing silica in hot NaOH
olution. In a typical preparation, 1 mmol metal nitrates (0.5 mmol Fe(NO3)3·9H2O
nd 0.5 mmol Co(NO3)2·6H2O) was dissolved in 1 ml ethanol, followed by mixing
ith 1 g furfuryl alcohol. After stirring for 15 min, 2 g TEOS was added into the mix-

ure. After stirring for another 30 min, the red solution obtained was transferred
nto dishes. It took 12 h at 40 ◦C and 8 h at 80 ◦C in an open system of water bath for
he thermopolymerization and sol–gel process. Usually, HCl solution was added to
he TEOS solution before adding the carbon precursor in order to pre-hydrolyze the
ilica precursor solution. In contrast, metal nitrates solution instead of HCl solution
rovides weak acid media, especially for the iron nitrate solution. With the ethanol
vaporating and the solution contacting, the acidity gradually increased and the
imultaneous polymerization was initiated. The xerogel obtained was carbonized
t 900 ◦C for 2 h with a ramping rate of 2 ◦C/min under nitrogen flow. Then the sil-
ca in the composite was removed by washing with heated 1 M NaOH solution. The
nal product was denoted as FeCo/C-1. The same procedures were carried out for the
reparation of samples FeCo/C-1.5 and FeCo/C-2, except that the amounts of metal
itrates were 1.5 mmol and 2 mmol, keeping the molar ration of Fe(NO3)3·9H2O and
o(NO3)2·6H2O to 1:1, for FeCo/C-1.5 and FeCo/C-2, respectively.

.2. Adsorption of dyes

Dyes solution (0.4 g/L) was prepared by dissolving 0.1 g of dye in 250 ml distilled
ater. In a typical adsorption experiment, 50 mg of porous composite adsorbent
as suspended in 50 ml of dye solution. The resulting mixture was kept under
echanical stirring for 12 h at room temperature. The adsorption amount of dyes
as measured by standard UV/Vis adsorption method. Magnetic separation of the
anocomposite prior to the analysis was used to avoid potential interference from
uspended scattering particles in the UV/Vis analysis.

.3. Characterization and measurement

Wide-angle X-ray diffraction (XRD) patterns were collected on Bruker D8 Smart
PPEX II X-ray diffractometer using Cu K� radiation (40 kV, 40 mA). The energy-
ispersive X-ray (EDX) spectra were performed by using a field emission scanning
lectron microscopy (FE-SEM, HITACHI S-4800). Transmission electron microscopy
TEM) images were taken on a FEI Tacnai G2 electron microscope operated at
00 kV. For TEM measurements, the samples were prepared by dispersing the
owder products as slurry in ethanol and drying on a holey carbon film on a
u grid for measurements. N2 adsorption–desorption isotherms were measured
ith a Micromeritics 2010 analyzer at 77 K. Before measurements, the samples
ere degassed at 150 ◦C for more than 5 h. The Brunauer–Emmett–Teller (BET)
ethod was utilized to calculate the specific surface areas. The pore size distri-

utions were derived from the desorption branches of the isotherms based on the
arrett–Joyner–Halanda (BJH) model. The total pore volume was estimated from
he amount adsorbed at a relative pressure (P/P0) of 0.99. The magnetic properties
f the samples were investigated by superconducting quantum interference device
SQUID) magnetometer at 300 K.

. Results and discussion

The synthetic procedure for the porous magnetic FeCo/carbon
omposites is illustrated in Scheme 1. There are three steps in the
reparation process including co-gelation, carbonization and NaOH
tching. The sol–gel process of this route started from an ethanol
olution containing TEOS, FA, and metal nitrates. With the evapora-
ion of solvent, the weak acidity produced from hydrolysis of metal
itrates simultaneously catalyzed the polymerization of furfuryl
lcohol (FA) and the hydrolysis of teraethylorthosilicate (TEOS),
hich led to the inorganic/organic hybrid xerogel, accompanying

etal salts spontaneously captured in the xerogel. Homogeneous

lack xerogels are formed after co-gelation sol–gel process of step
. During the carbonization of step 2, polyfurfuryl alcohol was
ransferred into carbon through deoxidation and dehydrogenation
eactions, meanwhile metal nitrates were decomposed and then
Scheme 1. Illustration of the synthesis process.

in situ reduced by the carbon. From the analysis of EDX mapping
908070605040302010
2θ (deg)

Fig. 1. XRD patterns of nanocomposites before (A) and after (B) removal of silica:
(a) FeCo/C-1, (b) FeCo/C-1.5, and (c) FeCo/C-2, respectively.
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Table 1
FeCo contents, pore structure parameters, saturation magnetization and adsorption capacity of nanocomposites.

Sample FeCo
content
(wt%)

Surface
area (m2/g)

Pore
volume
(cm3/g)

Micropore
volume
(cm3/g)

Pore size
(nm)

Saturation
magnetization
(emu/g)

Adsorption capacity (mg/g)

MBT RB MO

4, 6 9.5 253 239 152
4, 8 17.8 210 195 129
4, 9 22.2 177 155 99
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FeCo/C-1 8.6 653.5 0.55 0.20
FeCo/C-1.5 12.5 481.4 0.48 0.13
FeCo/C-2 16.2 381.6 0.38 0.10

The composite products after carbonization were characterized
y XRD patterns shown in Fig. 1A. There are three resolved diffrac-
ion peaks of FeCo alloy, which can be assigned to 1 1 0, 2 0 0 and
1 1 reflections according to the JCPDS Card Number 49-1567. One
eak of graphite carbon at 26◦ and the wide peak of amorphous
ilica at around 22◦ were also obvious observed. Except for the
bove diffraction peaks mentioned, no other peaks of impurities
ere observed in the products after carbonization, indicating that

ven though there were some possible products such as metal car-
ides or silicates, the amount of them was very little. Furthermore,
he formation of alloy improved the stability of metal, for example,
n the single metal Fe/carbon composite, impurity was observed
Fig. S2). After etching in hot NaOH solution, the amorphous peaks
f silica disappeared and the peaks of graphite were clearly shown
Fig. 1B). During the long-time dealing process of basic media, there
ere no changes for diffraction peaks of FeCo alloy, indicating the

tability of alloy in the basic solution. With increasing content of
etal salts, the peaks of alloy become stronger and sharper, indicat-

ng the increase of the amount and sizes of the alloy particles. This
rend is further illustrated by the change of diffraction intensity of
lloy with content as shown in Fig. 2. The contents of FeCo alloy in

he composite were measured by EDX spectroscopy analysis, which
re listed in Table 1.

Fig. 3a–c shows the TEM images of the porous FeCo/carbon
omposites with different alloy contents, which illustrates FeCo
anoparticles uniformly embedded in the carbon matrix. With

Fig. 3. TEM images of porous FeCo/carbon nanocomposites FeCo
Content of Alloy (%)

Fig. 2. The change of (1 1 0) diffraction intensity with content of alloy FeCo nanopar-
ticles.

increasing content of metal salts, the distribution of the particles

become dense and the sizes become large, which is in agreement
with the results of XRD patterns. From the enlarged images of
composites (Fig. 3d–f), it was clearly observed that the sizes of
particles become larger and larger with alloy content, 20–30 nm
for FeCo/C-1, 30–40 nm for FeCo/C-1.5 and 50–60 nm for FeCo/C-2,

/C-1 (a and d), FeCo/C-1.5 (b and e), and FeCo/C-2 (c and f).
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In conclusion, by using a facile co-gelation sol–gel method, a
Pore Diameter (nm)

ig. 4. Nitrogen sorption isotherms (a) and pore size distribution curves (b) of mag-
etic porous carbon nanocomposites.

espectively. The interstitial porosity of the composites can be also
bserved from the enlarged TEM images.

Nitrogen sorption isotherms were recorded to investigate the
ffect of the FeCo content on the pore properties of the samples.
ig. 4 shows the nitrogen sorption isotherms of FeCo/C-1, FeCo/C-
.5, and FeCo/C-2 samples. All the isotherm curves of the samples
re found to be of type IV curves. The surface area is found to
ecrease gradually from FeCoC-1 to FeCo/C-2 with increasing the
ontent of alloy, and similarly, the pore volume decreases also in
his order, as shown in Table 1. The main reason for such decrease
an be attributed to the presence of a large amount of FeCo particles
ecause of its much higher density than carbon. However, complex
ore size distributions of the composites can be found in Fig. 4b
nd Table 1, including hierarchical micropores and mesopores. The
icropore volume calculated from t-plot method decreases with

he increase of FeCo content, in accordance with the pore sizes dis-
ribution, especially for FeCo/C-1 which has not complete curve of
ore size distribution under mesoporous measurement condition.

t can also be seen that three composites have two mesopore sys-
ems. One pore system centered at around 3.9 nm, common to three
amples, which should be created by the dissolution of the silica
alls. Another pore system, interestingly, varied with increasing

eCo alloy contents and the pore sizes f 6 nm to 9 nm, which should
e formed by the interstitial voids created during the production
f alloy, in accordance with the above TEM results.
The magnetic properties were characterized by magnetic hys-
eresis loops with varying magnetic field at 300 K. As shown in
ig. 5a, three samples exhibit typically soft magnetic features with
ow coercivity and low remanance. The corresponding saturation
Fig. 5. (a) Magnetization curves of porous FeCo/carbon nanocomposites FeCo/C-1,
FeCo/C-1.5, and FeCo/C-2 at room temperature, respectively; (b) magnetic separa-
tion from MO solution for Fe7Co3/carbon nanocomposites under an external magnet.

magnetization strengths (Ms) are 9.5, 17.8, and 22.2 emu/g, respec-
tively, increasing with the alloy contents. These values are much
lower than that of bulk FeCo, which is attributed to the nanosize of
the FeCo particles and the presence of carbon.

Removal of weakly biodegradable pollutants such as bulky dyes
in water is very important for the protection of our environment
[1]. Due to the large specific surface area, pore volume, chemi-
cal inertness, and good mechanical stability, adsorption on porous
carbon is one of the most efficient processes for dye removal and
decoloration. In this paper, methylene blue trihydrate (MBT), rho-
damine B (RB) and methyl orange (MO) were chosen to investigate
the adsorption capacity of magnetic carbon composite. The molec-
ular size, weight and nature of three dyes are listed in Table S1. The
composites exhibit high capacities (as high as 253 mg/g) in adsorb-
ing bulky dyes, regardless of the nature, including acidic (MO), basic
(MBT and RB), and azo (MO) dyes, as shown in Table 1. The capaci-
ties of porous composites for all the dyes decrease with the increase
of alloy loading, similarly to the variation of surface areas and pore
volumes, and it suggests that the capacity is influenced by pore
structure properties of the adsorbent. The composite was easily
attracted to the magnet within a short time after adsorption, which
provides an effective way to separate the magnetic composite from
suspension (Fig. 5b).

4. Conclusions
new kind of magnetic porous FeCo/carbon composites was suc-
cessfully synthesized. Such magnetic nanocomposites have high
surface areas, large pore volumes and strong magnetization. Appli-
cation of these composites as efficient magnetically separable
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