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High dispersion Co3;0,4 nano-particles supported on hollow mesoporous silica spheres (HMSS) with
bimodal pore distribution were prepared by “two-solvent” technique. As-synthesized catalysts were
characterized by XRD, N, adsorption-desorption, XPS, SEM, TEM, and H,-TPR. The results showed that
Co304 nano-particles were present inside the pore system of HMSS and the particles sizes increased with
the increasing loaded cobalt content. The catalysts show good performance and high selectivity of C5s-C;g
hydrocarbon in F-T synthesis, which should attribute to the unique bimodal pore distribution facilitating
reactants to access the active sites and to transport higher hydrocarbon products.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Cobalt catalysts for CO hydrogenation are the excellent ones to
convert coal and natural gas to clean, environmental-sounded fuels
and chemicals via syngas [ 1], because of their high Fischer-Tropsch
(F-T) activity, selectivity for linear hydrocarbons and low activity
for water-gas shift reaction (WGS). Supported cobalt catalysts [2-
4] have been found to be promising catalysts for F-T synthesis. In
order to gain high metal dispersion, cobalt is typically supported
on oxides with high surface area, such as silica [5,6], alumina
[2,7,8], titania [9,10] and zeolites [11,12]. The texture and chemical
properties of support have important influence on the activity and
product selectivity of Co catalysts [13,14].

Recently, well-defined mesoporous molecular sieves have been
used as the support to prepare cobalt catalysts. There include
MCM-48 [5], MCM-41 [15], SBA-15 [16], and HMS [17]. Manuel
Arruebo et al. [18] used a wet impregnation technique to deposit
Fe,03 on hollow mesoporous silica spheres (HMSS). Fe,O5 clusters
with a uniform size were present at the external surface of HMSS.
Small-size clusters could also be seen in the mesoporous channels
and the interior void space of HMSS. Because of the hollow
structure of HMSS, the interior cavities could offer more location to
deposit catalyst and provide better transport channels for
reactants to access the active centers and for products to move
out. Lopes et al. [19] deposited cobalt nano-particles inside the
pores of SBA-15 using the “two-solvent” technique. This method is
based on a volume of aqueous solution equal to the pore volume of
the silica support (determined by N, sorption). The interest of this
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technique lies in loading cobalt species in the pores of support and
minimizing the crystallization of Co304 particles on the external
surface of the silica grains. However, the application of HMSS as the
supports for cobalt catalyst prepared by using “two-solvent”
technique is not reported so far.

In this work, hollow mesoporous silica spheres (HMSS) were
used as a support of cobalt catalyst for Fischer-Tropsch synthesis.
High dispersion Co304 nano-particles supported on HMSS were
prepared by “two-solvent” technique. The catalysts showed good
activity and high selectivity Cs. hydrocarbons in F-T synthesis.

2. Experimental
2.1. Synthesis of catalysts

HMSS were prepared following references [20]. In a typical
synthesis, a total of 39.2 g of hexadecyltrimethylammonium
bromide (CTAB) followed by 46 g Na,SiO3-9H,0 were dissolved
in 674 ml of water, resulting in a clear solution. Afterwards 70 ml
ethyl acetate was quickly added, the mixture was homogenized
and the stirring was stopped. The resulted mixture was allowed to
stand at 303 K for 5 h, and finally aged at 90 °C for 48 h. the solid
product was collected by filtration, washed several times with
deionized water and ethanol, and dried overnight at 323 K. The
template was removed by calcination at 823 K for 20 h in flowing
air.

Cobalt catalyst was prepared by dispersing calcined HMSS
powders in dry n-hexane. After stirring for 30 min, a small amount
of water (second solvent, its volume was equal to the pore volume
of the HMSS, determined by N, sorption, typically 2 cm?/g of silica)
with determinated amount of Co(NO3); was added dropwise into
the suspension. The mixture was stirred for 48 h, filtrated, dried at
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363 K for 5 h, and calcined at 673 K for 4 h. The resultant catalyst
was designated as TX, where X represented the cobalt mass
content. A regular catalyst MCM-41(30) supported on MCM-41
was prepared in the same method (cobalt mass content 30%).

2.2. Characterization

N, adsorption/desorption isotherms at 77 K were measured
using a Micromeritics Tristar 3000 sorptometer. The power X-ray
diffraction (XRD) patterns were recorded on a Bruker diffract-
ometer using a CuKa radiation. Scanning electronic micrographs
(SEM) images were obtained on LEO 1530VP. The morphology of
the samples was observed by transmission electron microscopy
(TEM, Hitachi-600). X-ray photoelectron spectroscopy spectra
were recorded with a PerkinElmer PHI-5300 spectrometer.

H,-TPR was carried out with a mixture of 5% H,/N, as the
reductive gas. The sample (0.025 g) was reduced in a flow of H,/N»
at a rate of 10 K/min. The effluent gas was monitored by TCD after
removal of the product water using 5 A molecular sieves.

2.3. Catalyst test

CO hydrogenation was carried out at 2.0 MPa, 1000 h~! and a
H,/CO ration of 2.0 in a stainless-steel fixed-bed reactor with i.d.
12 mm with a catalyst loading of 2 ml. The catalyst was reduced in
a flow of hydrogen at 600 K for 6 h and then cool down to ambient
before switching to syngas. Liquid products and wax were
collected in a cold trap and hot trap, respectively and then were
offline analyzed on a GC-920 gas chromatograph that was
equipped with a 35 m OV-101 capillary column.

3. Results
3.1. Catalyst texture

Similar shapes of wide-angle XRD patterns for catalysts are
shown in Fig. 1. Diffraction peaks at 26 of 31.3°, 36.9°, 45.1°, 59.4°
and 65.4° indicate that after calcination, cobalt was present in the
form of Co304 crystalline phase [21,22] on all the catalysts. The
mean Co30,4 crystallite sizes (Table 1) were calculated from the
widths of XRD peaks using the Scherrer equation (26 =36.9°)
[1,22]. Larger Co304 crystallites were detected in the catalysts with
higher cobalt content. An increase in cobalt loading results in
sintering of cobalt oxide particles. The size of Co304 crystallites
increases from 9.5 nminT10 to 14.2 nm in T20 and 23.5 nm in T30.

Fig. 2 shows the low-angle XRD patterns of HMSS and catalysts.
HMSS, T10 and T20 exhibit a broad diffraction peak at 26 = 2°. For
catalyst T10 and T20, the diffraction intensity was lower than HMSS.
For catalyst T30, the diffraction peak almost disappeared. It is
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Fig. 1. Wide-angle XRD patterns of catalysts.

Table 1
Textural properties of samples.

Samples Pore volume SBET Average pore Co304 Crystallite
(cm3g™1) (m?g 1) diameter (nm) size (nm)
XRD TEM
HMSS 2.01 627 134 - -
T10 1.28 499 9.9 9.5 8.0
T20 1.03 413 9.3 14.2 11.3
T30 0.75 321 9.1 23.5 20.0

attributed to the partially collapse of HMSS framework during the
impregnation and calcination. Fig. 3 displays the N, adsorption-
desorption isotherms and pore size-distributions of the samples. It
can be clearly observed that the isotherms of all samples were of
classical type IV [23], which confirmed the mesoporous character-
istics of HMSS and catalysts. HMSS exhibit a bimodal pore
distribution with one maximum between 20 and 60 nm, and the
other at ca. 2.7 nm. For catalyst after Co-loading, the range of pore
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Fig. 2. Low-angle XRD patterns of HMSS and catalysts.
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Fig. 3. N, adsorption/desorption isotherms (a) and BJH pore size distribution (b) of
HMSS and catalysts.
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Fig. 4. Raman spectra of catalysts.

size distribution narrowed. At the same time, the mean mesopore
size decreased from 40 nm (HMSS) to ca. 30 nm. From all the above
results, it can be concluded that Co304 nano-particles were loaded in
the pores of HMSS by using “two-solvent” technique [ 19]. Therefore,
the diffraction intensity peak decreased at low-angle and even
disappeared and the pore size distribution narrowed.

Table 1 displays the textural properties of the primary HMSS
and catalysts. After loaded with cobalt, the BET surface area was
significantly reduced. In the same way, the total pore volume was
also reduced. This effect was especially pronounced for the
catalysts with higher cobalt loadings [21]. Since it has been shown
that the BET surface and pore volume of the catalysts lower
remarkably by cobalt loading, it is reasonable to see that most of Co
particles can be held inside the pores. The presences of plugging
also result in narrowing the average pore diameter for catalysts. All
of the data suggested that considerable amount of cobalt were
present inside the pore system of HMSS [21]. The results obtained
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Fig. 5. Co,, XPS spectra of cobalt catalysts.

for the catalyst showed that the porous structure of HMSS was not
completely destroyed and was still present even in catalyst with
higher cobalt loading.

3.2. Dispersibility of supported cobalt oxide

Raman spectroscopy allows identification of cobalt oxidized
species in cobalt catalysts. General Cos0,4 displays in the Raman
spectra a strong peak at 684 cm ! and two weak peaks at 513 and
477 cm~ ! [1]. For the catalysts, all characteristic peaks shift toward
lower frequencies after cobalt loading because the HMSS were
supported by highly small cobalt nano-particles [24], as shown in
Fig. 4. This shift was significant for low cobalt loading. It is
suggested that higher dispersion and smaller Co304 nano-particles
were presented in lower cobalt content.

The results of XPS experiments are presented in Fig. 5. Copp XPS
spectra show that Co30,4 is the dominant cobalt phase in oxidized

Fig. 6. SEM images of HMSS (a) and TEM images of catalyst T10 (b), T20 (c) and T30 (d) after silica removed with NaOH.
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Fig. 7. H,-TPR of cobalt catalyst.

catalysts. This finding consistent with the observation of Co304
patterns in all catalysts. A shift of the XPS lines toward the higher
energy region in the low cobalt-loaded sample could be related to a
high dispersion of the cobalt oxide phase, which determines a high
proportion of cobalt in the small Co30,4 particles to be intimate
contact with the HMSS support [1,21].

Fig. 6a shows the SEM image of HMSS. The morphology of HMSS
was of spheres with a diameter about 1-3 wm. The broken one
shows the hollow structure of HMSS and the shell ca. 500 nm.
Because of the thick shell, it is difficult to characterize the cobalt
particles loaded in the interior void of HMSS. Therefore, the silica
host was removed with NaOH (suspending 1 g of catalyst powder in
100 ml of 2 mol L~ solution at room temperature for 4 h) to reveal
the size of the cobalt particles. Fig. 6b, c and d shows the TEM images
of catalysts after silica being eroded. It is obvious that the size of
Co304 increased with the increasing loaded cobalt content.
Significant differences in crystallite size obtained by TEM for three
catalysts are shown in Table 1. In agreement with reference [13],
some discrepancies have been found between crystallite particles
sizes of Co304 particles measured using XRD and TEM. This result
could be attributed to the Scherrer equation overestimate the size of
crystallite particles calculated from the width of XRD patterns [1].

From above-mentioned observations, it could be concluded that
nano-particles Co304 are highly dispersed in the channels and interior
void space of HMSS. Because of more supported cobalt species in the
pores of HMSS results in sintering of cobalt oxide particles. The
crystallite size increases with the loaded cobalt content.

3.3. Reduction of supported cobalt oxide

The H,-TPR profiles for the catalysts are shown in Fig. 7. The
three catalysts have similar reduction profiles with two main

Table 2
Catalytic performance of catalysts for F-T synthesis.

reduction peaks, which are close to each other temperature less
than 673 K. The first peak could be assigned to the reduction of
Co304 to CoO, and the second peak corresponds to the
subsequent reduction of CoO to Co® [1,21,25]. The third small
reduction feature at 673-923 K as the may reflect the reduction
of cobalt silicates. Khodakov et al. [26] suggested that the
interaction between small particles and support was stronger
than large particles and this interaction was likely to stabilize
small oxidized particles and clusters in silica. From the crystallite
size obtained by TEM, the sequence of particles size is
T10 < T20 < T30. This particles distribution might explain the
different H, reducing behaviour, as shown in Fig. 7. Interactions
between smaller cobalt particles and SiOH groups in HMSS
support may retard reduction. The reducibilities of the catalysts
are T10 < T20 < T30.

3.4. Catalytic activity in F-T synthesis

The results of syngas conversion and product distribution over
cobalt catalysts supported on the HMSS are listed in Table 2. It is
clear that CO conversion and Cs. selectivity increased with
increasing loaded cobalt content. Catalyst T10 with the smallest
crystallite size of 8.0 nm presents the lowest CO conversion and
the highest methane selectivity. Small cobalt particles in T10
could be easily reoxidized by water and CO,, and thus become
inactive under F-T synthesis [2]. It is known that larger Co30,4
particles are active for F-T synthesis [26]. As seen in Table 2, both
T20 and T30 present higher Cs. selectivity than T10. It is consider
that the presence of larger cobalt particles leads to higher
selectivity to heavier hydrocarbons [3]. This observation suggests
that the extent of crystallization of cobalt species is related closely
to the catalytic performance. We have shown that the crystal-
lization and reduction of T30 proceeds to a larger extent than T20
and T10, and former exhibits higher F-T activity. These results
point that the high degree of cobalt crystallization means weak
interaction with HMSS support and thus leads to the ready
reduction to metallic cobalt, which catalyzes F-T synthesis
effectively.

For the reference of MCM-41(30), the CO conversion is
lower than that of T30, the selectivity of CH; was higher
than that of T30, and the selectivity of Cs-C;g was lower than
that of T30. In general, HMSS support cobalt catalysts, which
possesses a bimodal pore structure, shows better activity and
Cs—Cyg selectivity. The catalytic feature of the three catalysts is
that Cs-Cyg hydrocarbons are the main hydrocarbon products,
which might be related to the unique structure of the support.
HMSS with bimodal pore distribution facilitates reactants to
access the active sites and to transport higher hydrocarbon
products.

Catalysts Reaction temperature (K) CO conversion (%) Hydrocarbon selectivity (wt.%)
C; C-Cy C5-Cq, Ci2-Cig Cs. Cio+
T10 493 254 279 7.6 144 33.6 64.5 16.1
503 48.2 239 44 223 384 71.7 11.0
T20 493 50.0 12.6 29 28.0 304 82.6 26.2
503 64.1 13.9 3.5 25.2 31.9 84.6 25.6
T30 493 84.1 49 1.6 26.2 26.9 93.6 40.5
503 84.9 7.1 2.2 26.8 30.2 90.7 33.8
MCM-41(30) 493 70.3 12.3 2.9 18.5 22.7 84.8 43.6
503 73.6 139 3.2 19.8 23.1 829 40.0

Reaction conditions: n(H,)/n(CO)= 2.0, GHSV = 1000 h~!, P= 2.0 MPa.
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4. Conclusion

In summary, Co304 nano-particles have been successfully
loaded in HMSS by two-solvent technique. The cobalt catalysts
supported on HMSS are highly dispersed. The F-T catalytic
behavior of cobalt species can be affected by Co loading. Lower
F-T activity and higher methane selectivity observed on low cobalt
loading catalyst are principally attributed to the small cobalt
particles could be easily reoxidized by water and other reaction
products. With increasing Co loading, the cobalt crystallite size
increases and leads to good catalytic performance and high Cs.
selectivity. In this work, it is proposed that the unique bimodal
pore distribution and hollow structure facilitates reactants to
access the active sites. Therefore, the number of active sites
available for CO adsorption increases, leading to higher catalytic
activity for F-T synthesis.
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