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We prepared highly productive Co/MCF nanocatalysts by a facile melt infiltration process using a hydrated Co precursor.

The highly loaded Co particles (30 wt%) were uniformly dispersed in the large pores (30 nm) of the MCF support. The Co

particles had an average diameter of 17 nm and clean surfaces without any surfactant. The Co/MCF catalyst exhibited very

high hydrocarbon productivity (~0.98 giotal Hc~gca{l~h'1) with high activity (CO conversion= 77%, CTY = 7.6 x 10° molco8co

1.s™), and good selectivity for Cs. long chain hydrocarbons (~81%) in Fischer-Tropsch synthesis.

Introduction

Fischer-Tropsch synthesis (FTS) has been a key technology for
producing clean alternative fuels from coal, natural gas, and
biomass-derived syngas (CO and H2).1'5 With FTS, high
molecular weight hydrocarbons (waxes) can be effectively
produced using a Co-based catalyst, which has higher FTS
activity, selectivity to linear paraffins, and lower water-gas-
shift (WGS) activity than those of a Fe-based catalyst.s'7 In
general,
impregnation, co-precipitation, sol-gel, colloid, and micro-
The behaviour is largely
dependent on the nature of the Co species, particle size and

such catalysts have been typically prepared by

emulsion methods.® catalytic
dispersion, and support texture.”*? Until now, gamma-alumina
(y-Al,03), a support that strongly interacts with active Co
particles, has been used in order to minimize particle sintering
by retarding crystallite diffusion.”>** Furthermore, small
amounts of noble metals such as Pt and Ru have been used as
promoters to enhance the reducibility of Co;0, crystallites,
and Co particle dispersion after reduction. This has resulted in
15-16 However,
conventional alumina supports have relatively small pore
volumes (0.4-0.6 cmg-g'l), low surface areas (200-300 mz-g'l)
and porosity,
supports.”'18 As a consequence, the active cobalt loading in
alumina-based catalysts has generally been fixed at about 15

a significant increase in the FT reaction rate.

compared to those of mesoporous silica

wt% in total catalyst weight, in order to prevent catalyst
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deactivation, which is caused by severe particle agglomeration
during FTs.”?

In the past few decades, mesoporous structures with well-
defined pores (2-50 nm) and high surface areas have attracted
interest as nanoparticle supporters, based on their textural
properties, pore-size distribution, and acid/base
characteristics.”® In particular, ordered mesoporous silica
(OMS) materials (e.g. MCM-41, KIT-6, and SBA-15), which are
normally prepared using oil-in-water
templates, have received increasing attention as supports for
catalysis due to their high thermal stability and easily
controllable multi-function surfaces.”*?* Among the various
silica supports, siliceous mesostructured cellular foams (MCFs)
have exhibited well-defined spherical cells (2040 nm) and
very large pore volumes (1.4-2.4 cm3-g'1) as well as high
surface areas (550-1000 mz-g'l).24

Recently, de Jong et al. reported Co30,/SiO, catalysts with
small Co;0, crystallite sizes ranging from 4—10 nm, fabricated
by an easy and fast melt infiltration process.25 However, the
load of active Co metals was still restricted to the range of 10—
22 wt%, in order to maintain the particle dispersion. This was
due to the limited pore volumes (<1.0 cm3-g'1) and pore sizes (
~9 nm) of the silica supports used.

Recently, highly metal-loaded catalysts (above 20 wt%) were
developed, with uniform particle dispersion on a carbon
support which had large pore volume and porosity, and
demonstrated increased productivity for Suzuki-Miyaura
coupling reactions, compare to that of a commercial catalyst.26
In the same way, the use of higher Co loaded catalyst in FTS
could lead to an increased number of Co sites if the particle
dispersion can be maintained. This should result in high
production of valuable liquid oil and solid wax.

Herein, we report a Co/MCF nanocatalyst for FTS, which
contains active and well-dispersed Co nanoparticles (17 nm)
with very high loading (30 wt%). It was created via melt

micro-emulsion
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Scheme 1. Scheme for synthesis of the Co/MCF nanocatalyst

infiltration of a hydrated Co salt into silica pores and
subsequent thermal reduction of the salt inside (Scheme 1).

Experimental

Chemicals. Cobalt(ll) nitrate hexahydrate (Co(NOs),-6H,0,
>98%), tetraethyl orthosilicate (TEOS, 98%), mesitylene (98%),
and ammonium fluoride (NH,F, 298%), were purchased from
Aldrich. Ammonium hydroxide (NH,OH, 28% in water) and
hydrochloric acid (HCI, 35% in water) were obtained from
Junsei. Gamma-alumina powder (Al,03;, 297%) was purchased
from Strem Chemicals, Inc. All chemicals were used as received
without further purification.

Preparation of MCF. The mesostructured cellular foam (MCF)
was prepared using a hydrothermal method. First, Pluronic
P123 (8.0 g) was completely dissolved in hydrochloric acid (1.6
M, 300 mL) at room temperature. Mesitylene (14.2 mL) and
NH4F (92 mg) were added, and the mixture was heated to 333
K and stirred for 1 h. After that, TEOS (19.2 mL) was added to
the mixture solution and was stirred for 20 h at the same
temperature. After 20 h, the resulting slurry was aged in an
oven at 373 K for 24 h. The suspension was precipitated by
centrifugation, washed with water and ethanol thoroughly,
and dried for 48 h under ambient conditions. The final white
product was calcined in a box-type furnace at 873 K for 12 h.
Preparation of Co/MCF and Co/Al,O;. For synthesis of the
Co/MCF catalyst, Co(NO3),-6H,0 (2.1 g) and MCF powder (1.0
g) were physically ground in a mortar for several minutes.
After grinding under ambient conditions, the resulting pink
powder was aged at 333 K for 24 h. After aging, the sample
was cooled to room temperature and transferred to an
alumina boat in a tube-type furnace. Finally, the cobalt-
incorporated powder was slowly heated at a ramping rate of 4
K-min™ up to 773 K under a continuous H, flow of 0.2 L-min™
and calcined at 773 K for 4 h. After calcination, the resulting
powder was cooled down to room temperature and
immediately submerged in ethanol (20 mL) under a vigorous
N, flow of 1.0 L-min™ in order to minimize surface oxidation of
the cobalt particles. The Co/MCF powder immersed in ethanol
was separated by magnet and dried in a vacuum oven at 333 K.
The procedure for preparation of Co/Al,03 was identical to the
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procedure for preparing Co/MCF, except for the use of
gamma-alumina powder (1.0 g) as a support material.

Co (JCPDS No. 15-0806)

1
80

40 50 60 70
E0 R Saey 2 theta (degree)
Fig. 1 TEM images of (a) bare MCF support and (b-d) Co/MCF
nanocatalyst. (e) HRTEM image with the corresponding FT
pattern (inset of e) and (f) XRD spectrum of Co/MCF
nanocatalyst. The bars indicate 100 nm (a—b), 200 nm (c), 10
nm (d), and 5 nm (e).

Fischer-Tropsch synthesis. Fischer-Tropsch (FT) reactions were
performed in a down-flow fixed-bed stainless steel reactor
tube with an inner diameter of 5 mm and 180 mm length.
Typically, the catalyst (0.5 g) was diluted with glass beads (425-
600 pum, 2.5 g) to prevent hot-spot generation, and then
loaded in the catalyst bed. Before reaction, the catalysts were
reduced in situ at atmospheric pressure by passing a flow of H,
(80 mL-min'l) at 673 K for 2 h. After reduction, the reaction
was carried out at 503 K and 20 bar for 36 h using a reactant
gas (H,/CO = 2.0, GHSV = 6.8 NL-g., -h™). The composition of
the outlet gases was analysed using a gas chromatograph (DS
Science, iGC7200) equipped with a thermal conductivity
detector (TCD) and a flame ionization detector (FID). The flow
rates of the outlet gases were measured using a wet-gas flow
meter (Shinagawa Co.). After FT reaction for 36 h, the solid
hydrocarbon products were collected in a hot trap (513 K) and
the liquid hydrocarbon products and water were collected in a
cold trap (273 K). The isolated wax and liquid products were

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (a) N, adsorption/desorption isotherms, (b) pore size
distribution diagrams, (c) XANES and (d) EXAFS spectra of the
Co/MCF nanocatalyst.

analysed using an offline gas chromatograph (Agilent, 6890 N)
and the simulated distillation method (ASTM D2887). CO
conversion and hydrocarbon product selectivity were
calculated using an equation from the literature.”’
Characterization. The catalysts were characterized using
transmission electron microscopy (Tecnai G2 F30 operated at
300 kV, KAIST) and high power powder-XRD (Rigaku D/MAX-
2500, 18 kW). For TEM analysis, samples were prepared by
putting a few drops of the corresponding colloidal solutions on
Formvar carbon-coated copper grids (Ted Pellar, Inc). Nitrogen
sorption isotherms were measured at 77 K with a Tristar Il
3020 surface area analyser. Before measurements, the
samples were degassed in a vacuum at 573 K for 4 h. The Co X-
ray absorption spectra (XAS) were recorded on Beam-line 6D
of the Pohang Accelerator Laboratory (PAL).

Results and discussion

Synthesis of Co/MCF catalyst

Scheme 1 demonstrates the overall synthetic procedure for
the Co/MCF catalyst. First, the MCF, which has a well-defined
ultra large mesoporous and hydrothermally robust framework,
was synthesized using a hydrothermal method according to
the literature.”® Pluronic P123 triblock copolymer was used as
a structure directing agent.

The transmission electron microscopy (TEM) image of the MCF
indicates cells constructed of silica struts (Fig. 1a). The large
cells (~30 nm) were connected by windows (~18 nm). Next,
the active Co nanoparticles were simply embedded in the MCF
support by the melt infiltration method using hydrated Co

This journal is © The Royal Society of Chemistry 20xx

salt.”” To prepare a 30 wt% cobalt-loaded Co/support catalyst,
the gco sai/8support ratio of 2.1 was used.

Based on the complete infiltration of the salt into the large
pores of the MCF, small Co nanoparticles were regularly
formed after thermal decomposition and reduction. The TEM
image shows incorporated Co nanoparticles with an average
diameter of 17.4+2.0 nm (Fig. 1b). The high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) image indicates relatively bright spots that originate
from the heavier Co atoms (than Si) (Fig. 1c). High-resolution
TEM (HRTEM) analysis also revealed a single Co nanoparticle in
a silica cell (Fig. 1d). The HRTEM image and the corresponding
Fourier-Transform (FT) pattern show the single crystalline
nature of the Co particles (Fig. 1e). The lattice distance of
0.204 nm between the neighbouring fringes corresponded to
the lattice spacing of Co (111) (inset of Fig. 1e). The X-ray
diffraction (XRD) spectrum of Co/MCF has a sharp peak at 26=
44°, which is assigned to the reflections of the (111) plane in
the fcc-Co phase (Fig. 1f, JCPDS No. 15-0806). The average size
of the Co crystals was estimated to be 16.7 nm, from the
broadness of the (111) peak by the Debye-Scherrer equation,
which well-matched that observed in the TEM images.

The N, sorption experiment at 77 K for the Co/MCF catalyst
exhibited type IV adsorption-desorption hysteresis (Fig. 2a).
The Brunauer-Emmett-Teller (BET) surface areas of the bare
MCF and the Co/MCF were calculated to be 560.7 mz-g'1 and
289.0 mz-g'l, respectively. The total pore volume of the
Co/MCF catalyst (0.65 cmg-g'l) was much lower than that of
the bare MCF support (2.07 cm3-g'1) because of the highly
loaded Co in the silica. The pore size of the Co/MCF catalyst
was found to be 16 nm, using the Barrett-Joyner-Halenda (BJH)
method on the adsorption branch (Fig. 2b). The observed pore
size was dramatically decreased from 30 nm in bare MCF to 16
nm in Co/MCF, reflecting the pore volume filled by Co
nanoparticles. The Co-loading content for the Co/MCF catalyst
was calculated to be nominally 30 wt% on the basis of Co
converted from the cobalt nitrate salt after thermal treatment.
X-ray absorption spectroscopy (XAS) provided valuable information
about the oxidation state and structure of the cobalt catalyst. The
XAS measurement of Co/MCF was conducted at the K edge of
cobalt (7709 eV). In the X-ray absorption near-edge structure
(XANES) region from one absorption edge to 7759 eV, a Co pre-
edge peak of the Co/MCF catalyst was observed both at 7709 and
7718 eV, which match the peaks of Co and CoO, respectively (Fig.
2c¢). The extended X-ray absorption fine structure (EXAFS) pattern of
the Co/MCF catalyst also shows the three major peaks of the first
coordination shells of Co and CoO structures, originating from Co—O
in CoO, Co-Co in Co, and Co-Co in CoO scattering (Fig. 2d). Even
though the fresh Co/MCF catalyst powder was directly passivated
by ethanol after reduction, partial surface oxidation was inevitable
during catalyst analysis under ambient conditions. This was because
the metallic Co nanoparticles in the silica pores are highly sensitive
to oxygen exposure.

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 (a) TEM image, (b) XRD spectrum, (c) N,
adsorption/desorption isotherms, and (d) pore size

distribution diagrams of Co/Al,0; catalyst. The bar in (a)
indicates 50 nm.

Synthesis of Co/Al,O; catalyst

The preparation of gamma(y)-alumina-supported Co
nanoparticles (Co/Al,0;) was conducted identically to the
procedure for Co/MCF, except for the use of alumina powder
instead of MCF. Highly irregular Co particles that ranged from
about 2-50 nm were observed in the TEM image, compared to
those of Co/MCF (Fig. 3a). The large Co nanoparticles on the
alumina support were generated because the pore volume of
the alumina is insufficient for filling with a large amount of
molten Co salts. The XRD spectrum also shows a sharp peak at
260 = 44°, reflecting a larger Co-crystal size. This was calculated
to be 24.7 nm, based on the (111) peak (Fig. 3b). Alumina
peaks were mainly observed at 26 = 37.6°, 45.9°, and 67.0°%;
corresponding to the reflections of the (311), (400), and (440)
planes, respectively.

N, sorption experiments at 77 K for bare alumina and Co/Al,O3
catalyst exhibited type IV adsorption-desorption hysteresis
(Fig. 3c). The BET surface areas of bare Al,O; and Co/Al,O4
were calculated to be 205.0 m2~g'1 and 144.7 m2~g'1,
respectively. The total pore volumes were 0.44 cm3~g'1 in the
initial AlO; support and 0.22 cm3-g'1 in Co/Al,Os. The pore size
of the Al,O; support was found to be 10.1 nm, using the BJH
method on the adsorption branch (Fig. 3d). In the Co/Al,O3
catalyst, slightly reduced pore size (8.4 nm) was observed
because of Co nanoparticles that filled the alumina pores.

4| J. Name., 2012, 00, 1-3
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Fig. 4 CO conversion and hydrocarbon product selectivity
graphs of (a,c) Co/MCF and (b,d) Co/Al,O5 catalysts. The total
CO conversion is the sum of the CO conversion to
hydrocarbons (CO to HC) and the CO conversion to CO, (CO to
CO,).

Reactivity and productivity comparison between Co/MCF and
Co/Al,0; in the Fischer—Tropsch synthesis reaction

Fischer-Tropsch (FT) reaction tests were carried out at 20 bar,
230 °C, and an H,/CO ratio of ‘2’, using the Co/MCF and
Co/Al, O3 catalysts. The CO conversion and selectivity of the
catalysts were measured for 36 h over time-on-stream (TOS) of
a reaction by gas chromatography (GC) analysis of the outlet
gases containing the unreacted CO, H,, CH,; C,-C,
hydrocarbons, and CO,. Liquid hydrocarbons obtained in a cold
trap and solid hydrocarbons obtained in a hot trap were
analysed by simulated distillation (SIMDIS). The hydrocarbon
formation proceeds by FTS as follows:

nCO + (2n+1)H, = C,Hjn4, + NH,0 : FTS (paraffins)
nCO + 2nH, - C,H,, + nH,0 : FTS (olefins)
CO + H,0 < CO, + H, : WGS

The Co/MCF catalyst quickly reached a steady-state within 6 h
of reaction and showed much higher total CO conversion
(76.8%) than that of Co/Al,O5 (47.9%) at TOS 36 h (Fig. 4a-b).
Furthermore, in the selectivity data, the graph of Co/MCF
shows a high Cs, (80.8%) at TOS 36 h with low selectivity of
CO, (1.5%), CH, (12.0%), and C,—C, (5.7%) (Fig. 4c). On the
other hand, for Co/Al,O;, higher selectivity of CH, (16.2%) and
C,—C, (8.8%), and lower selectivity of Cs, (73.3%) were
obtained (Fig. 4d).

This journal is © The Royal Society of Chemistry 20xx
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CH, selectivity was dependent on cobalt particle size.” De
Jong et al. reported that Co particles smaller than 6 nm show
rather low activity because of blocking of edge/corner sites
with a lower intrinsic activity at small terraces, as well as their
high hydrogen coverages.m'31 In addition, the small Co
particles (1.4—2.5 nm) can be easily oxidized by the water
vapour formed during the FT reaction, resulting in lower
activity and higher CH, selectivity.32 However, most of the Co
nanoparticles in the MCF pores would be stable against
surface oxidation during the FT reaction, based on their
adequate and regular particle size (17 nm). On the other hand,
in the Co/Al,0O; catalyst, which has a very broad particle size
distribution, the small Co nanoparticles (< 3 nm) could be
unstable to re-oxidation by water vapour during the FT
reaction. Furthermore, the regular mesoporous pores can be
beneficial, in terms of mass transfer of the reactants. In the
case of the Co/Al,O; catalyst, the big and irregular particles (>
30 nm) located on the pores could hinder reactant diffusion to
small Al,O5; pores (10 nm). The diffusion limitations for CO in
the catalyst pores could cause a higher H,/CO ratio in the
catalyst pores, resulting in methane formation. Therefore, the
uniform Co/MCF catalyst showed lower methane selectivity
and higher Cs, selectivity than those of the irregular Co/Al,O5
catalyst.

This journal is © The Royal Society of Chemistry 20xx
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The FT activity was noted to be the cobalt time yield (CTY, the
number of CO moles converted to hydrocarbons per gram of
cobalt per second) over time-on-stream (TOS) (Fig. 5a). For the
Co/MCF catalyst, the CTY at 36 h was 7.6 x 10~ molco-gCO'l-s'l,
which is much higher than that (4.7 x 10” molco-gCO'l-s'l) of
Co/Al,O3. The site time yield (STY) values were calculated to be
10.8 x 102s? for Co/MCF and 7.4 x 1025 for Co/Al, 0,
respectively, based on the Co dispersion (0.0414: Co/MCF,
0.0373: Co/Al,O;) obtained by H, chemisorption.

The high FT activity of the Co/MCF catalyst is attributed to its
having more Co active sites with higher activity, based on its
higher particle dispersion with the smaller Co particle size than
Co/Al, O3, even with its high Co loading amount of 30 wt%. This
high FT activity in Co/MCF is comparable to the previously
reported values in various Co nanocatalysts. In previous works,
Co/Si0, and Co/C supported catalysts showed relatively low FT
activities of 3.0-6.0 x 10 molco-ch'l-s'l.33'35

J. Name., 2013, 00, 1-3 | 5
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Table 1. Hydrocarbon product distributions (wt%)

Product
CH, GGy Cs-Cip Ci3-Cig Cios
Catalyst
Co/MCF 14.9 6.3 24.5 18.1 36.2
Co/Al,04 20.6 10.0 27.5 18.1 23.8

Fig. 7 TEM images of the recovered (a) Co/MCF and (b) Co/Al,0;
catalysts after the FT reaction. All bars indicate 50 nm.

The Co/MCF catalyst also showed very high Cs, productivity
(0.77 gcss Hc~gcat'1~h'1), which is the sum of the liquid oil
productivity (0.32 g,iq~gcat'1~h'1) and solid wax productivity (0.45
gso,-gca{1~h'1). On the other hand, the Co/Al,0; catalyst showed
lower Cs, productivity (0.46 gcs, Hc~gca{1~h'1), based on its poor
liguid oil productivity (0.22 g|iq-gca{1~h'1) and solid wax
productivity (0.24 gso,-gcat'l-h'l). For the Co/MCF catalyst, the
total hydrocarbon (HC) productivity from C; to C;, was
measured to be 0.98 giotal Hc~gca{1~h'1, which is 1.46 times
higher than the 0.67 ch~gcat'1~h'1 of Co/Al,O; (Fig. 5b). In
particular, the catalyst showed high productivity in the
valuable solid- and liquid-products of the gasoline-range Cs—C;,
(0.24 gHC'gcat-l'h-l)' diesel- range Cy3—Cyg (0.18 gHC'gcat-l'h-l)i
and wax-range (0.35 ch-gcat'1~h'1). The detailed
composition of the liquid and solid hydrocarbons by ASTM
D2887, and the total distributions of hydrocarbons including
gaseous products were analysed (Fig 6a, Table 1). In total
weight portions of CH,, C,—C,, Cs—C;,, C;3—C;g, and Cyq, of the

C19+

catalysts, the heavy hydrocarbon portion (Ciq,) was
significantly high (36.2%) with Co/MCF.
Using the Anderson-Schulz-Flory (ASF) chain growth

mechanism in the following equation,36 the chain growth
probability (a) of the hydrocarbons was calculated (Fig. 6b).

log(W,/n) = log(In’a) + nlog o.

The a values were obtained from the slope of the graph from
Cs to C,,. The high a value (0.909) for Co/MCF demonstrates
that the adequate and regular cobalt surface can provide more
advantageous conditions for the growth of carbon chains
during FT synthesis. However, in Co/Al,05;, a low o value
(0.884) was observed. This was because of the presence of
irregular and smaller Co nanoparticles (<10 nm) which have a
high methane formation property. Low chain growth
probability was found with high methane selectivity, resulting

6 | J. Name., 2012, 00, 1-3

in lower selectivity to heavy weight hydrocarbons, as with
Co/Al,O3. After the reactions, the Co/MCF catalyst maintained
its original structures without severe particle aggregation,
supported by well-organized silica frameworks containing Co
particles (Fig. 7a). In contrast, a great deal of Co component
with inhomogeneous particles on top of the support were
observed in the Co/Al,Oj; catalyst (Fig. 7b).

Conclusions

Mesocellular silica foam (MCF) is a good support which
enables the high loading of active cobalt nanoparticles with
uniform dispersion, because of its high porosity. A Co/MCF
catalyst with high Co loading (30wt%) was prepared by a facile
melt infiltration process, and showed high FT activity (7.6 x 10°
3 molco-gc[,'l-s"l). This was because of the well-dispersed and
stable Co crystallite size (17 nm) in the uniform pores of the
support. On the other hand, the Co/Al,O; catalyst, with the
same Co loading, exhibited much less catalytic performance
under the same reaction conditions. This was due to its
irregular particles which consisted of less active particles > 30
nm which blocked pores on the alumina support, and easily
oxidizable particles (< 5nm) in the alumina pores. We have
confirmed that the Co/MCF catalyst, with proper Co loading
and using the highly porous MCF support, exhibits very
significant hydrocarbon productivity based on its relatively
higher number of active sites and its high activity and
selectivity for Cs, long-chain hydrocarbons during Fischer-
Tropsch synthesis.
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Graphical Abstract

The Co/MCF nanocatalyst containing well-dispersed and highly loaded Co nanoparticles
exhibits very high hydrocarbon productivity in Fischer-Tropsch synthesis.
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