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Mesoporous materials, with a variety of desired properties,
are extensively used as absorbents, catalysts, and supports in
the chemical and petrochemical industries. Very interesting
members of this class of materials are ordered mesoporous
carbons (OMC), which are obtained by nanocasting from
ordered mesoporous silica® as a mould. Porous carbon
materials combine chemical inertness, biocompatibility, and
thermal stability, and are thus suitable for many different
applications. However, carbons are notoriously difficult to
separate from solutions, and thus magnetic separation is an
attractive alternative to filtration or centrifugation and there-
fore high on the wish list in catalysis for a long time.”!
Introduction of ferromagnetism in carbon particles while
retaining their pore system is difficult, though: The commonly
employed strategy to synthesize magnetic carbon materials is
the condensation of divalent and trivalent iron salts in an
activated carbon slurry in the presence of hydroxide with
subsequent calcination.! Magnetic silica gel can be synthe-
sized by entrapment of magnetite particles in the forming
gel.P'In the case of carbon, the resulting material has typically
surface areas of around 600 m’g~' and a pore volume below
0.2cm’g '™ Such synthetic procedures, however, lead to
substantial blocking of the pore space, whereas the pore size
distribution of the carbons is inherently broad. In addition,
the materials are not stable against corrosive media or high
temperature, which lead to dissolution of the magnetic
component or coalescence of the particles, respectively, thus
sacrificing most of the advantages of the carbon.

To overcome these limitation, we used a combination of
nanocasting, spatially selective deposition of magnetic nano-
particles, protection of the nanoparticles by a nanometer-
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thick carbon layer® and subsequent introduction of the
catalytically active component to nanoengineer a magneti-
cally separable catalyst characterized by various distinct
features on the nanometer length scale. The overall synthetic
strategy is shown in Scheme 1, which includes: 1) the use of
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Scheme 1. lllustration of the synthesis procedure: A) ordered mesopo-
rous silica SBA-15; B) carbon/SBA-15 composite; C) B with surface-
deposited cobalt nanoparticles; D) protected cobalt nanoparticles on
C; E) magnetic-ordered mesoporous carbon; F) Pd on E. 1) Carboniza-
tion of the carbon precursor in SBA-15; 2) incorporation of cobalt
nanoparticles on B; 3) coating of carbon on cobalt nanoparticles;

4) dissolution of silica to create pore system; 5) loading of Pd in pores
to introduce catalytic function.

the mesostructured SBA-15% as template to synthesize a
carbon/SBA-15 composite; 2) deposition of cobalt nanopar-
ticles!” selectively on the outer surface of the composite
particle; 3) protection of the cobalt particles by a nanometer-
thick carbon layer; 4) removal of the silica scaffold by an
aqueous solution of hydrofluoric acid (HF); 5) loading the
now-accessible pore system by an impregnation process with
a catalytically active noble metal. A related process that
involves reversible polymer protection of the pore system has
been developed to produce magnetic ordered mesoporous
silica.®!

The success of this strategy can be recognized best when
the material obtained after step 4 is analyzed. Transmission
electron microscopy of these materials reveals the typical
noodle-shaped morphology of SBA-15, which is the result of
the nanocasting process (Figure 1a). The well-dispersed
cobalt nanoparticles grafted on the mesoporous carbon can
be clearly observed. Elemental analysis reveals a cobalt
content close to the nominal amount adjusted in the
impregnation step. The material, discussed in detail below,
has a loading of 9 wt. %.

Higher resolution TEM analysis (Figure 1b) shows that
the resulting mesoporous carbon exhibits an ordered struc-
ture with hexagonal symmetry, the typical characteristic of
OMC templated from SBA-15.! The center-to-center dis-
tances of adjacent channels are about 7.8 nm. The cobalt
particles, highly dispersed on the surface of the carbon
particles, have a uniform diameter of about 11 +2 nm, while
the original size of the cobalt nanoparticles was about 10 +
1 nm. The increase in diameter is attributed to the coating
with the carbon layer, the thickness of which roughly
corresponds to three graphite layers. The formation of the
carbon layer is preferentially induced on the cobalt particles
as the carbonization of the furfuryl alcohol is strongly
catalyzed by the cobalt. The pore system, on the other
hand, remains accessible (see below). As the sample shown in
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Figure 1. TEM images of Co-OMC at different magnification: a) low
magnification; b) high magnification. Arrows indicate hollow carbon
shells left after the leaching procedure.

Figure 1 had been leached in HF for 72 h, one can infer that
the coating of the cobalt nanoparticles is perfect in most cases
and the particles are well protected against acid erosion.
However, in addition to the intact particles, one can observe
the existence of hollow carbon shells (arrows), which are the
result of dissolution of the cobalt core by HF solution, while
the imperfect shells remain. It is noteworthy that the cobalt
nanoparticles do not sinter even after thermal treatment at
temperatures up to 850°C. This can be attributed to the
passivation and stabilization of the cobalt nanoparticles by
carbon layers through the decrease of the surface energy, and
the strong interaction between the carbon coating of the
cobalt particles and the bulk carbon material of the OMC.

The low-angle X-ray powder diffraction (XRD) pattern
(Figure 2a) of the resultant Co-OMC shows well-resolved
reflections, thus indicating an ordered structure. This is
consistent with the TEM observation. The d (100) value is
about 7.8 nm, from which a unit cell parameter of a=9.0 nm
(assuming space group P6mmt) can be calculated, which is in
reasonable agreement with the TEM analysis. The wide-angle
XRD reflection (Figure 2b) matches the face-centered cubic
(fcc) structure of cobalt. No indication of hexagonal close
packing (hcp) cobalt was observed. The size of the cobalt
particles, calculated with the Scherrer equation from the
reflection broadening of the wide angle reflections, is around
10 nm, which is almost identical to the value estimated from
the TEM analysis. Also shown in the Figure are the XRD
patterns of two other ordered mesoporous magnetic carbons,
which are either based on a different structure, that is, CMK-
5,05l or on a different framework composition, that is, a
carbon-nitrogen framework!” derived from a polyacryloni-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

Fi

(.

3)
1 2 3 4 5
20/° —>
b)
I
T W‘J'M,Mﬂ'\.._.b,ﬁm_ﬂu,_‘n‘_’__ﬂ
. |
H"JMN"\ |
i s T oo
20 40 50 80 100
20/° —>»

Figure 2. XRD patterns of different Co-OMC: a) low angle; b) wide
angle. Types of mesoporous carbons shown in the Figure are: 1) mag-
netic CMK-3, 2) magnetic polyacrylonitrile-based OMC, and 3) mag-
netic CMK-5.

trile precursor. This observation demonstrates the general
applicability of the pathway described.

The textural properties of Co-OMC were examined by
nitrogen adsorption. The isotherm presented in Figure 3 is of

8001 ceseesspsstaptt Y
600 S
v
V(/ds'/ 400+ /
cm? ¢! STP /
.','
2004
0 T T T T |
0.0 0.2 04 0.6 0.8 1.0
ppy ——>

Figure 3. Nitrogen adsorption isotherm of Co—-OMC.

type IV and exhibits a hysteresis loop in the relative pressure
range of 0.45-0.60, thus indicating a narrow pore-size
distribution in the mesopore range and proving the accessi-
bility of the pore system. The pore-size distribution is mainly
located around 3-4 nm, and the average pore size calculated
by the BJH (Barrett-Joyner-Halenda) algorithm based on the
adsorption branch is 3.8 nm (due to the closure of the
hysteresis around p/p,=0.42, the desorption branch was not
used to avoid errors due to instability of the meniscus at this
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point).'l The actual pore size may be slightly larger, as the
BJH method is known to underestimate the pore size in this
range."!l The specific surface area and pore volume are as
high as 1319 m?g ™" and 1.25 cm’g ™", respectively, which by far
exceed the textural parameters of any other magnetic
material reported so far.

These data indicate one potential application of unmodi-
fied Co-OMC, that is, its use as easily recoverable adsorbent.
As an example, the adsorption of the dye Rhodamine 6G
(Rh6G, C,3H;,N,05Cl) from aqueous solutions, by using Co—
OMC as adsorbent, was investigated. The concentration of
the Rh6G solution was 0.1 gL~!. After the addition of Co—
OMC to the Rh6G-containing solution, there was a change
from orange-red to colorless within minutes, thus indicating
that the Rh6G dye is strongly adsorbed by Co-OMC. The
dye-loaded Co—-OMC was separated by placing a conven-
tional laboratory magnet near the glass bottle. As shown in
Figure 4, the black particles were attracted to the magnet, the
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Figure 4. Rh6G aqueous solution (left) and after adsorption of the
Rh6G on Co-OMC and separation of the dye loaded Co-OMC by a
magnet (right).

clear solution could be decanted off or removed by pipette.
This simple experiment demonstrates that the Co-OMC is
magnetic and can potentially be used as a magnetic adsorbent
to remove dyes or other large molecules in liquid-phase
processes.

To study the magnetic properties of the materials in more
detail, magnetization measurements of 9 wt.% Co-OMC
were performed as a function of temperature from 2 K to
290 K in a magnetic field of B=1.0 T. The magnetization
(12.8 emug™') of the cobalt nanoparticles is essentially
temperature-independent, the effective magnetic moment
increases following approximately a square-root dependence
with increasing temperature. Saturation of magnetization at
room temperature is reached with applied fields of about 1 T
without observable hysteresis. The saturation magnetic
moment (12.8 emug™') corresponds to 1.5 spins per cobalt
atom, which perfectly matches the value for bulk cobalt
metal. This shows that the cobalt nanoparticles are in the
ferromagnetic state. Oxidation would lead to the formation of
antiferromagnetic spinel type oxide. The ferromagnetic
properties thus demonstrate that the cobalt particles are still
intact, even though this particular sample was stored under air
for more than 5 months.

Magnetically separable carbon-catalyst supports are
highly attractive for many applications, as carbon supports
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are often used in liquid-phase processes. For such applica-
tions, the particle sizes need to be small to avoid mass-transfer
limitations. Small particles, however, create severe problems
with respect to catalyst separation. To test the performance of
the magnetic OMC as catalyst support, the hydrogenation of
octene to octane was selected as a simple test reaction.
Catalytic activity was introduced by loading the magnetically
modified carbon with palladium. The catalyst was used as a
slurry in a small, well-stirred reactor that had a continuous
supply of hydrogen, and the hydrogen consumption was
monitored as a measure of the progress of the reaction
(Figure 5). The rate of hydrogen consumption stayed con-
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Figure 5. Hydrogenation of octene over 1% Pd-loaded Co-OMC. (m)
Fist run, (0) second run after separation of catalyst and new addition
of octene, (@) run to test how separable the catalyst is after magnetic
removal of catalyst and readmission of hydrogen.

stant, thus indicating a continuous transformation of octene
into octane until all octene had been converted. The reacted
solution was removed by pipette after the magnetic carbon
had been separated from the solution by applying a magnetic
field to the reactor. The hydrogenation reaction was repeated
by refilling fresh octene into the reactor. It was found that the
reaction rate was almost identical to the initial run. This
demonstrates the reproducibility of the octene hydrogenation
catalyzed by Pd loaded Co—-OMC.

More importantly from the point of view of an applica-
tion, it is possible to remove the catalyst completely after the
reaction. This aspect was checked by the following experi-
ment: During the reaction, the catalyst was attracted to the
bottom of the reactor by the application of a magnetic field.
Subsequently, the partly reacted solution was transferred to a
new reactor, which was once again exposed to hydrogen to
carry out a new hydrogenation. However, as expected for full
separation of the catalyst, no hydrogen consumption was
detected. To exclude complete consumption of the octene
prior to the separation, fresh octene was added. Again, no
hydrogen was consumed. These experiments prove the that
the catalyst can be completely separated from the reaction
solution.

In summary, by using a sequence of well designed
manipulation steps commonly employed in the synthesis of
nanomaterials, ordered mesoporous carbons with surface-
grafted magnetic particles was successfully synthesized. Such
magnetic nanocomposites have very high surface area, a large
pore volume, and uniform pore size. Applications of this Co—
OMC as magnetically separable adsorbent and catalyst were
demonstrated in this study. However, one may envisage also
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other applications, such as a magnetically directed drug
carrier. If a drug were loaded onto the porous carbon, one
could possibly accumulate the magnetic particles in the target
area of the organism, and then induce release of the drug by
magnetic heating of the particles. Experiments in progress
will show whether such applications can be realized.

Experimental Section

The detailed synthesis of SBA-15 can be found elsewhere.” In short,
tetraethyl orthosilicate (TEOS) (8.5g, 6.9 mmol; Aldrich) were
hydrolyzed at 40°C in an aqueous solution that contained surfactant
P123 (4.0 g, mol; BASF), distilled water (105 g) and aqueous 37 %
HCI (20 mL; Fluka). The milky mixture was aged at 90°C for 2 days.
SBA-15 was obtained after calcination at 550°C in air. Subsequently,
diluted furfuryl alcohol (Fluka) in trimethylbenzene (Fluka) was
infiltrated into SBA-15 in the presence of oxalic acid as catalyst by
incipient wetness impregnation with a molar ratio of furfuryl alcohol
to oxalic acid of 200. The concentration of furfuryl alcohol can be
varied from 30vol.% to 80vol.%. After the polymerization of
furfuryl alcohol first at 60°C, then at 80°C, the carbon/SBA-15
composite was obtained by carbonization at 850°C for 4 h under
argon.'l

Cobalt nanoparticles were synthesized by using [Co,(CO)s] as the
source of cobalt and toluene as solvent. The nanoparticles were
stabilized with the surfactant Korantin SH.[

The obtained carbon/SBA-15 composite was contacted with the
desired amount of cobalt nanoparticles dispersed in toluene. Sub-
sequently, toluene was removed by evacuation. To encapsulate the
cobalt particles with carbon, the dried sample was impregnated with
furfuryl alcohol solution followed by polymerization and carbon-
ization up to 850°C for 4h. OMC with surface-grated cobalt
nanoparticles was obtained by dissolving the silica in an aqueous
solution of hydrofluoric acid (40 %, Fluka) for 72 h.

Pd-loaded magnetic carbon was prepared by incipient wetness
impregnation of Co-OMC with an aqueous solution of
Pd[(NH;),CL,]. The loading amount of Pd over the sample described
herein was determined as 1 wt. %, but samples with higher loading
were also prepared. After drying, Pd was reduced under hydrogen at
400°C for 2 h. For the octane hydrogenation, 6 mL of octene and
0.068 g Pd-containing Co-OMC were used.

TEM images of samples were obtained with an Hitachi HF2000
microscope equipped with a cold-field emission gun. The acceleration
voltage was 200 kV. Samples were prepared dry on a lacey carbon
grid. Low-angle X-ray diffraction patterns of samples were recorded
with a Stoe Stadi P diffractometer in the Bragg-Brentano (reflection)
geometry. The step width was 0.02° at an acquisition time of 8 s per
step in the range of 26 0.85-5°. Nitrogen-adsorption isotherms were
measured with an ASAP2010 adsorption analyzer (Micromeritics) at
liquid-nitrogen temperature. Magnetic susceptibility measurements
were performed on a SQUID susceptometer (Quantum Design,
MPMS-7) with an applied magnetic field of 0-7 T. The powdered
sample was immobilized in a hard gelation capsule during the
measurement. Sample temperatures were varied from 2-290 K.
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