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A simple cocasting method has been developed to prepare magnetic mesoporous FePt/C composites with superparamagnetic FePt
nanoparticles embedded in carbon walls. Furfuryl alcohol, iron(III) acetylacetonate (Fe(acac)3), and platinum(II) acetylacetonate
(Pt(acac)2) were used as the carbon and FePt nanoparticle precursors to be simultaneously incorporated into the channels of
mesoporous silica SBA-15 template by the incipient wetness impregnation technique. Aer the polymerization of furfuryl alcohol,
the carbonization in argon, and the removal of silica template, magnetic mesoporous FePt/C composites were �nally obtained.
Magnetic mesoporous FePt/C composites have high surface area of 1244m2/g and narrow mesopore size distribution peaked
at 4.93 nm. FePt nanoparticles were well embedded in mesoporous carbon walls, and mesoporous FePt/C composites exhibit
superparamagnetic behavior. Using cytochrome c (Cyt c),myoglobin (Mb), and bovine serumalbumin (BSA) asmodel proteins, the
adsorption capacities of Cyt c, Mb, and BSA on magnetic mesoporous FePt/C composites can reach ca. 200, 162, and 121 𝜇𝜇g/mg,
respectively. ese results indicated that mesoporous FePt/C composites have potential as magnetically separable adsorbent for
biomolecules separation.

1. Introduction

Ordered mesoporous carbon (OMC) materials are of great
interest due to their uniformpore structure, high surface area,
thermal stability, electrical conductivity, chemical inertness,
biocompatibility, and speci�c surface properties [1, 2]. To
date, OMCmaterials have beenwidely investigated in various
applications, such as adsorption, separation, catalysis, energy
storage, and biomedical engineering [3–7]. For example, in
medical and food industries, OMC materials could be used
as the adsorbents to remove adsorbed proteins from the
products solutions; those may give rise to the subsequent
adsorption of �brous proteins leading to adverse biological
consequences [8, 9]. However, mesoporous carbons are
notoriously difficult to separate from solutions, especially for
mesoporous carbons with small particle sizes, which cause
some problems in practical applications.

Compared to the conventional and complex �ltra-
tion/centrifugation procedure, magnetic separation as a
promising strategy has been widely accepted due to the fact

that it can be easily separated under an applied magnetic
�eld [10, 11]. erefore, many efforts have been made to
prepare magnetically separable OMC materials using differ-
ent approaches recently. One route is the “one-pot” block-
copolymer self-assembly strategy associated with a direct
carbonization process. For example, Zhai et al. fabricated
OMC materials with magnetic frameworks (mesoporous 𝛾𝛾-
Fe2O3/C composites) by the self-assembly strategy from
resol, ferric citrate, and triblock copolymer F127 [12]. Kang
et al. reported one-pot simple synthesis of FePt nanoparticles
inside order mesoporous aluminosilicate/carbon compos-
ites by using polyisoprene-block-poly(ethylene oxide) (PI-
b-PEO) as a structure-directing agent [13]. However, it is
relatively difficult to obtain OMC materials via a surfactant
templating strategy owning to the complexity of the carbon-
structure evolution, and only several reports are available
until now [14–16].

To date, the most effective and popular route to magnetic
mesoporous carbon composites is nanocasting strategy by
in�ltration of an appropriate carbon precursor and metal
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source into the channels of mesoporous silica, followed
by polymerization, carbonization, and subsequent removal
of the silica framework [17–22]. For example, Lu et al.
prepared cobalt nanoparticles deposited on CMK-3 (Co-
OMC) and successfully applied mesoporous carbon to mag-
netically separable adsorbent and hydrogenation catalyst
supports [17]. But the synthetic procedure for Co-OMC is
rather complex, which hampers broad application of the
magnetic mesoporous carbon composites, despite its many
important characteristics. Wang et al. impregnated simul-
taneously furfuryl alcohol and metal nitrates (carbon and
magnetic particle precursors) intomesoporous silica SBA-15,
followed by polymerization, carbonization, and the removal
of silica framework to obtain magnetic mesoporous FeNi/C
composites [18].

However, in some as-synthesized magnetic OMC mate-
rials, magnetic nanoparticles, for example, Fe3O4, 𝛾𝛾-Fe2O3,
Ni, are easily subject to oxidation in air or dissolution in acid
if no effort has been made to protect magnetic nanoparticles
by a carbon-layer coating or embedding in carbon walls. It is
well known that FePt nanoparticles have superparamagnetic
property and high chemical resistance against acid or oxygen
attack [23], which are suitable for adsorption/separation
applications. Gupta et al. and Kockrick et al. reported the
formation of FePt nanoparticles inmesoporous silica by using
the wetness impregnation technique [24, 25]. Our group has
developed a nanocasting route to prepare magnetic OMC
materials with FePt nanoparticles, involving the polymeriza-
tion of the impregnated furfuryl alcohol in the channels of
mesoporous silica KIT-6, the repeated wetness impregnation
of FePt precursors (Fe(acac)3 and Pt(acac)2), the carboniza-
tion in argon, and the removal ofmesoporous silica templates
[26]. Obviously, the repeated wetness impregnation of FePt
precursors is a time-consuming process, and it is also difficult
to control the uniform distribution of FePt nanoparticles in
the whole OMC particles.

In this work, we developed a simple cocasting method
to simplify the nanocasting procedure for the preparation of
magnetic mesoporous FePt/C composites using mesoporous
silica SBA-15 as hard template. Furfuryl alcohol, Fe(acac)3,
and Pt(acac)2 were simultaneously incorporated into SBA-15
by the wetness impregnation technique, following the poly-
merization of furfuryl alcohol, the carbonization in argon,
and the removal of silica template, magnetic mesoporous
FePt/C composites were obtained. is cocasting method
makes the procedure simple and saves the preparation time.
Furthermore, using Cyt c, Mb, and BSA as model proteins,
the adsorption properties of magnetic mesoporous FePt/C
composites were also investigated.

2. Experimental

2.1. Synthesis ofMesoporous Silica SBA-15. Mesoporous silica
SBA-15was prepared following a previously reportedmethod
[27]. 4.0 g of P123 (EO20PO70EO20) was added to a mixture
of 30 g of H2O and 120 g of 2M HCl aqueous solution in
a Te�on-lined container, which was stirred at 35∘C usually
overnight. en, 8.50 g of TEOS was added into this solution

under vigorous stirring. Aer 5min of stirring, the mixture
was kept under static conditions at 35∘C for 20 h, followed by
24 h at 100∘C.e solid products were collected by �ltration,
washed with water, dried, and calcined at 550∘C in air.

2.2. Preparation of Magnetic Mesoporous FePt/C Compos-
ites. Magnetic mesoporous FePt/C composites were pre-
pared using SBA-15 as hard template, furfuryl alcohol as
carbon source, Fe(acac)3 (99.9%) and Pt(acac)2 (98%) as
FePt sources. Typically, equimolar amounts (0.225mmol) of
Fe(acac)3 and Pt(acac)2 were dissolved in 4mL of chloroform
(CHCl3) to obtain the Fe(acac)3/Pt(acac)2/CHCl3 solution.
Subsequently, 1.2mL of Fe(acac)3/Pt(acac)2/CHCl3 solution,
1.2mL of furfuryl alcohol, and a small quantity of oxalic acid
were dissolved in 4mL of ethanol under stirring to form a
mixed solution. is mixed solution was incorporated into
1 g of SBA-15 by the wetness impregnation technique. Aer
evaporating the ethanol and chloroform and polymerizing
furfuryl alcohol at 100∘C for 5 h and at 150∘C for 2 h,
the resulting composites were thermal treated in argon at
700∘C to carbonize the polyfurfuryl alcohol and induce the
formation of FePt nanoparticles. e silica templates in the
composites were removed by twice washing with heated
2M NaOH solution. e template-free mesoporous FePt/C
composites were collected by �ltering, washedwith water and
ethanol, and dried at 100∘C.

2.3. Characterization. e wide angle X-ray diffraction
(WAXRD) patterns were obtained on a Stoe Stadi P powder
diffractometer equipped with a curved germanium (111)
monochromator and linear PSD using Cu K𝛼𝛼1 radiation
(1.5405Å) in transmission geometry. e small angle X-ray
diffraction (SAXRD) patterns were measured on a Bruker
AXS Nanostar using CuK𝛼𝛼1 radiation (1.5405Å) and 105 cm
of sample to detector distance. Scanning electronmicroscopy
(SEM) was carried out with a �eiss DMS 982 Gemini �eld
emission scanning electron microscope. Transmission elec-
tronmicroscopy (TEM) was performed using a JEM-2000FX
electron microscope operated at an acceleration voltage of
200 kV. N2 adsorption-desorption isotherms were obtained
on a Nova 2000 pore analyzer at 77K under continuous
adsorption conditions. BET and BJH analyses were used
to determine the surface area, pore size, and pore volume.
UV/Vis adsorptionmeasurements were recorded using a Shi-
madzu UV-2450 spectrophotometer. Magnetic measurement
was carried out on a superconducting quantum interference
device (SQUID) magnetometer at room temperature.

2.4. Adsorption of Proteins on Magnetic Mesoporous FePt/C
Composites. A series of protein solutions (Cyt c, Mb, and
BSA) with concentrations ranging from 0.05mg/mL to
2mg/mL were prepared by dissolving each protein in buffer
solutions with different pH values (pH3.6 ∼ 10.8). In a typ-
ical adsorption experiment, 20mg of magnetic mesoporous
FePt/C composites was suspended in 10mL of protein solu-
tion in a closed vial, and the resulting mixture was shaken at
4∘C and 120 rpm for 72 h to reach the equilibration of protein
adsorption. e amount of protein adsorbed was calculated
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F 1: Schematic procedures for the synthesis of magnetic mesoporous FePt/C composites.
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F 2: Small-angle XRDpattern ofmagneticmesoporous FePt/C
composites, and the inset is wide-angle XRD pattern of magnetic
mesoporous FePt/C composites.

by subtracting the amount found in the supernatant liquid
aer adsorption from the amount of protein present before
the addition of the adsorbent by UV analysis at a certain
wavelength (Cyt c at 407 nm, Mb at 409 nm, and BSA at
279 nm, resp.). Calibration experiments were done separately
before each set of measurements with protein solutions of
different concentrations buffered at the same pH as the
isotherm. Magnetic separation prior to the analysis was used
to avoid potential interference from the suspended scattering
particles in the UV-Vis analysis.

3. Results and Discussion

Figure 1 illustrates the schematic procedure used in this work
for the synthesis ofmagneticmesoporous FePt/C composites.
Firstly, aer the calcination to remove the surfactant template
from SBA-15, furfuryl alcohol, Fe(acac)3, Pt(acac)2, and
a small quantity of oxalic acid were introduced into the

mesoporous channels of SBA-15 by wetness impregnation
technique. Subsequently, furfuryl alcohol was polymerized
under the catalysis by oxalic acid to form polyfurfuryl alco-
hol. During polymerization of furfuryl alcohol, Fe(acac)3 and
Pt(acac)2 were embedded in the framework of polyfurfuryl
alcohol. en, polyfurfuryl alcohol was carbonized under
Ar atmosphere at 700∘C to convert into compact carbon,
and Fe(acac)3 and Pt(acac)2 were decomposed and in situ
carbothermally reduced to magnetic alloy FePt nanoparticles
accompanying the carbonization process. Finally, magnetic
mesoporous FePt/C composites were obtained aer the
removal of silica template by hot 2M NaOH aqueous solu-
tion.

Figure 2 shows XRD patterns of magnetic mesoporous
FePt/C composites. Magnetic mesoporous FePt/C compos-
ites exhibit three well-resolved re�ections in the 2𝜃𝜃 range
between 1 and 2.5∘, which can be indexed as (100), (110), and
(200) re�ections associated with hexagonal symmetry and
con�rmed the orderedmesoporous structure.ewide-angle
XRD pattern of magnetic mesoporous FePt/C composites (in
the inset of Figure 2) can be easily indexed to amorphous
carbon and cubic FePt (JCPDS 29-0717) according to the
re�ection peak positions and relative intensities, suggesting
that FePt has been formed by using carbonization of poly-
furfuryl alcohol/SBA-15 containing Fe(acac)3 and Pt(acac)2.
Furthermore, the weak and broad FePt characteristic diffrac-
tion peaks indicate that the nanoscale FePt particles were
formed in the carbon matrix.

Figure 3 shows the representative SEM and TEM images
of magnetic mesoporous FePt/C composites. From SEM
image (Figure 3(a)), magnetic mesoporous FePt/C compos-
ites are rod-like with the length of ca. 1.0𝜇𝜇m, which is similar
with the morphology of SBA-15 template (not shown).
TEM was used to directly observe pore structure and the
distribution of FePt nanoparticles in magnetic mesoporous
FePt/C composites. In TEM image (Figure 3(b)), ordered
stripe-like and hexagonally arranged pattern was clearly
observed, further con�rming the ordered mesostructure of
FePt/C composites. It can also be seen that a lot of small
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F 3: (a) SEM and (b) TEM images of magnetic mesoporous FePt/C composites (scale bar in (a): 500 nm; scale bar in (b): 50 nm).
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F 4: Nitrogen adsorption-desorption isotherm of magnetic
mesoporous FePt/C composites and the corresponding pore size
distribution calculated from the desorption branche.
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F 5: Magnetization curve of magnetic mesoporous FePt/C
composites measured at room temperature.

black points (FePt nanoparticles) are uniformly distributed in
the entire particles. Furthermore, most of FePt nanoparticles
are distributed in the carbon walls, and the sizes are similar
to the diameters of carbon walls, which suggest these FePt
nanoparticles are embedded in the carbon walls. It can be
understood that polyfurfuryl alcohol was con�ned in the
channels of SBA-15 template, and Fe and Pt precursors were
highly dispersed within the polyfurfuryl alcohol framework.
During carbonization process, the cross-linked polyfurfuryl
alcohol converted into compact carbon and fully �lled in
the channels of SBA-15 template, resulting into no space
between silica wall and carbon rod for the growth of FePt
nanoparticles. As a result, FePt nanoparticles only can grow
in the carbon framework.

Figure 4 shows the nitrogen adsorption-desorption
isotherm and the corresponding pore size distribution of
magnetic mesoporous FePt/C composites. e isotherm
curve is of type IV with a marked leap in the adsorption
branch between relative pressures 𝑃𝑃𝑃𝑃𝑃0 of 0.42 and 0.7,
which is typical for mesoporous materials. It suggests that
the ordered mesoporous structure has been kept aer the
embedding of FePt nanoparticles. e speci�c surface area
is 1244m2/g calculated from the linear part of the BET
(Brunauer-Emmett-Teller) plot, and the single point adsorp-
tion total volume at 𝑃𝑃𝑃𝑃𝑃0 = 0.90 and micropore volume
calculated from 𝑡𝑡-plot method are 1.396 and 0.553 cm3/g,
respectively. e corresponding pore size distribution curve
calculated from adsorption branch by the BJH (Barrett-
Joyner-Halenda) method shows a narrow pore size dis-
tribution peaked at 4.93 nm (inset of Figure 4), allowing
small biomolecules to adsorb into the channels of magnetic
mesoporous FePt/C composites.

Figure 5 shows the magnetization curve of mesoporous
FePt/C composites measured at room temperature. e
magnetization strength of mesoporous FePt/C composites
is 1.14 emu/g at 20K Oe, and almost no hysteresis loop
can be observed in the magnetization curve, which suggests
thatmesoporous FePt/C composites have superparamagnetic
property. is may be due to that most of FePt nanoparticles
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F 6: (a) the adsorption capacities of Cyt c, Mb, and BSA onmagnetic mesoporous FePt/C composites with different solution pH ranging
from 3.6 to 10.8 at protein concentration of 1.0mg/mL; (b) the adsorption curves of Cyt c, Mb, and BSA on magnetic mesoporous FePt/C
composites with the solution at a pH equal to the pI of each protein (pI = 9.8 for Cyt c, pI = 7.2 for Mb, and pI = 4.8 for BSA).

are embedded in the carbon walls and their particle sizes
are small enough to exhibit the superparamagnetic behavior.
erefore, these magnetic mesoporous FePt/C composites
could be used as magnetically separable adsorbents.

In order to evaluate the ability of magnetic mesoporous
FePt/C composites to adsorb biomolecules, we investigated
the protein adsorption on magnetic mesoporous FePt/C
composites. ree different globular proteins, cytochrome
c (Cyt c), myoglobin (Mb), and bovine serum albumin
(BSA) were used as model proteins to study the adsorp-
tion capacities on magnetic mesoporous FePt/C composites.
Figure 6(a) shows the adsorption capacities of Cyt c, Mb,
and BSA on magnetic mesoporous FePt/C composites with
different solution pH ranging from 3.6 to 10.8 at protein
concentration of 1.0mg/mL. It can be observed thatmagnetic
mesoporous FePt/C composites have the highest adsorption
capacity for Cyt c and the lowest adsorption capacity for
BSA, respectively. It has been accepted that the relative
size of the protein molecules with respect to the channel
diameter of mesoporous materials in�uences directly the
protein adsorption capacity [28]. In this work, the peak
pore size of magnetic mesoporous FePt/C composites (𝐷𝐷𝑝𝑝)
is 4.93 nm, but the proteins have different molecular sizes.
e dimensions of Cyt c, Mb, and BSA are around 2.6 ×
3.2 × 3.0 nm, 2.9 × 3.6 × 6.4 nm, and 5.5 × 5.6 × 12.0 nm,
respectively. As a result, the smallest Cyt c proteins could
be adsorbed in the channels of magnetic mesoporous FePt/C
composites more than the larger Mb and BSA proteins. On
the other hand, the highest adsorption capacity for each
protein can be found at a pH equal to the isoelectric point
(pI) of each protein (pI = 9.8 for Cyt c, pI = 7.2 for
Mb, and pI = 4.8 for BSA). e adsorption of proteins
is typically determined by electrostatic and hydrophobic
interactions, and the cohesive attraction and repulsion of

the amino acids present in the protein molecules [29]. Near
the pI, the net charge of proteins is around zero, and thus
the hydrophobic interactions between the protein molecules
and magnetic mesoporous FePt/C composites (carbon rods
are hydrophobic) dominate the protein adsorption ability
on magnetic mesoporous FePt/C composites. Furthermore,
there is no repulsion between amino acid residues on the
surface of adsorbed protein molecules near the pI [29],
resulting into that the protein molecules are more densely
packed on the surface of magnetic mesoporous FePt/C
composites.erefore, the adsorption capacities of Cyt c,Mb,
and BSA are highest near the pI of each protein, respectively.
e adsorption capacities of Cyt c, Mb, and BSA are reduced
below and above the pI, which could be ascribed to the
expansion of the effective molecular diameter of each protein
since strong repulsive forces between the amino acid residues
of the molecule are present below and above the pI, andmore
space is needed for the expanded protein molecules.

Figure 6(a) shows the adsorption curves of Cyt c, Mb,
and BSA on magnetic mesoporous FePt/C composites with
the solution at a pH equal to the pI of each protein. Each
adsorption curve shows a sharp initial rise and a following
steady stage, suggesting a high affinity between the protein
molecules and the surface of mesoporous FePt/C composites
at the initial stage. e saturation adsorption capacities on
magnetic mesoporous FePt/C composites for Cyt c, Mb, and
BSA are around 200, 162, and 121𝜇𝜇g/mg, respectively, indi-
cating that magnetic mesoporous FePt/C composites exhibit
superior protein adsorption ability. e saturation adsorp-
tion for each protein can be reached at concentrations above
0.5mg/mL, which con�rmed that the adsorption capacities
of each protein on magnetic mesoporous FePt/C composites
in Figure 6(a) reached the saturation adsorption. erefore,
magnetic mesoporous FePt/C composites have potential as
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magnetically separable adsorbent for biomolecules separa-
tion.

4. Conclusion

Magnetic mesoporous FePt/C composites with FePt
nanoparticles embedded in carbon walls were successfully
prepared using a simple cocasting method. Furfuryl
alcohol, Fe(acac)3, and Pt(acac)2 that were simultaneously
incorporated into the channels of SBA-15 template made
the Fe and Pt precursors be highly dispersed within the
polyfurfuryl alcohol framework aer polymerization
process. During carbonization process, the cross-linked
polyfurfuryl alcohol is converted into compact carbon and
fully �lled in the channels of SBA-15 template, resulting
into the embedding of FePt nanoparticles in carbon walls.
is cocasting method made the preparation procedure
simpler and saved the preparation time.e results indicated
that FePt/C composites have ordered mesoporous structure
with high surface area of 1244m2/g, narrow mesopore size
distribution peaked at 4.93 nm, and superparamagnetic
behavior (𝑀𝑀𝑠𝑠 = 1.14 emu/g). By using Cyt c, Mb, and BSA
as model proteins, the adsorption capacities of mesoporous
FePt/C composites can reach ca. 200, 162, and 121 𝜇𝜇g/mg,
respectively. erefore, these magnetic mesoporous FePt/C
composites have potential as magnetically separable
adsorbents for biomolecules separation.
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