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A series of silylated Co/SBA-15 catalysts were prepared via the reaction of surface Si–OH of SBA-15 with

hexamethyldisilazane (HMDS) under anhydrous, vapor-phase conditions, and then characterized by

FT-IR, N2 physisorption, TG, XRD, and TPR-MS. The results showed that organic modification led to a

silylated SBA-15 surface composed of stable hydrophobic Si–(CH3)3 species even after calcinations and H2

reduction at 673 K. Furthermore, the hydrophobic surface strongly influenced both metal dispersion and

reducibility. Compared with non-silylated Co/SBA, Co/S-SBA (impregnation after silylation) showed a

high activity, due to the better cobalt reducibility on the hydrophobic support. However, S-Co/SBA

(silylation after impregnation) had the lowest FT activity among all the catalysts, due to the lower cobalt

reducibility along with the steric hindrance of grafted –Si(CH3)3 for the re-adsorption of a-olefins.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Since the Mobil Oil Corporation discovered the M41s group of
mesoporous materials in 1992, preparation of inorganic–organic
hybrid materials by introducing functional organic groups to the
pore surface of the mesoporous silica materials has attracted
considerable attention [1,2], which was due to the potential
applications of the resultant materials in the field of catalysis
[3,4], separation [5], adsorption of heavy metals [6], chemical
sensing [7], and nanoscience [8,9]. Owing to the potential advan-
tage of changing the surface physical and chemical properties of
mesoporous silicates, the silylation technique has received much
research interest in the field of catalysis [10]. Generally, two
approaches were developed for the surface functionalization,
including direct co-condensation synthesis [11] and post-synthesis
grafting [12]. The co-condensation synthesis would be the first
choice for a higher and more uniform surface coverage with
functional groups [13]. It also provided a better control over the
amount of organic groups incorporated in the resultant materials.
However, the structural order of the host materials would be
destroyed in the direct synthesis method. In contrast with the co-
condensation method, post-synthesis grafting silylation was of
simplicity and versatility, given the wide variety of commercially
available silylation agents. Furthermore, the products obtained by
post-grafting method were often better defined structurally and
more stable hydrolytically.
ll rights reserved.
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Fischer–Tropsch (FT) synthesis is an important catalytic process
which was well-known to produce ultraclean alternative fuels from
coal, natural gas and biomass via syngas [14]. Cobalt-based catalysts
have been widely applied in an FT synthesis owing to their high
activity, high selectivity towards long chain n-paraffins, and their
lower activity for the competing water gas shift reaction (WGSR)
[15]. The FT synthesis activity over cobalt catalyst depended
primarily on the overall amount of an exposed metallic cobalt
during the reduction process, which was determined by the cobalt
loading amount, metal particle size, dispersions and reduction
degree [16,17]. Furthermore, the chemical and texture properties
of the support influenced the catalytic activity and product selec-
tivity of cobalt catalysts via their modifications on the reducibility
and dispersion of cobalt or the formation of well-fined phases.
Sometimes it might be more economical to modify or change the
support properties than to increase the number of active sites.

It has been shown that the control of hydrophilic/hydrophobic
properties of supports were of importance in the preparation of
catalysts and in determining the catalytic behavior [18,19]. Espe-
cially, an FT synthesis is the hydrothermal reaction, because the
amount of water is produced along with the main reaction. Several
researchers reported the impact of support hydrophobicity on the
catalyst activity in the Fischer–Tropsch synthesis. For example, Kim
et al. [20] showed that the preliminary silylation of an SBA-15
support enhanced the reducibility of the cobalt oxide species due
to the weaker cobalt oxide-support interaction and consequently
promoted the activity for the FT synthesis. Ojeda et al. [21] reported
that the CO conversion rate increased over the silylated catalyst,
because the hydrophobic surface expelled the water molecules
and more surface sites were available for CO adsorption and
dissociation. In our previous study, Shi et al. [22] found that
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CH3-modified Co/Ru/SiO2 catalysts showed a higher selectivity
towards C5–C11 hydrocarbons, which should be ascribed to its
hydrophobic characteristics. However, all the modification pro-
cesses were carried out in the liquid phase reaction, which required
the use and disposal of nonaqueous solvents. Vapor-phase silyla-
tion offers several advantages over the liquid-phase silylation:
(i) mass transport rates are generally higher in the vapor phase,
and hence silylation reaction rates; (ii) vapor-phase silylation
reaction conditions can also be more easily controlled, resulting
in more reproducible surface modifications; and (iii) vapor-phase
silylation methods are more cost-effective and environmentally
friendly than liquid-phase procedures. However, few literatures
were reported using such a silylation method during the prepara-
tion of cobalt-supported catalysts. Here, the vapor-phase silylation
was employed in the preparation of mesoporous cobalt catalysts.
Co/SBA-15 was silylated by different post-grafting synthesis routes
under anhydrous, vapor-phase reaction conditions. Both silylated
and non-silylated catalysts were tested for the F–T synthesis to
understand the effect of silylation procedure on the activity and
selectivity.
2. Experimental

2.1. Samples preparation

1,1,1,3,3,3-Hexamethyldisilazane (HMDS) (Alfa Aesar, 499.9%,
CAS no. 999-97-3) was used as the silylant reagent. The procedure
employed for the silylation of the samples was as follows: a sample
of an SBA-15 (purchased from the Fudan University) was pre-
viously evacuated at 423 K for 3 h to remove any residual surface
water and then cooled down to room temperature in vacuum and
transferred into a 500 ml beaker. The HMDS in another 1000 ml
beaker was boiled at 333 K and the resulting gas was reacted with
SBA-15 for two days in water bath at 333 K. After treating with
HDMS, the modified supports were dried at 328 K in vacuum
overnight to remove adsorbed NH3 and unreacted silylating agent.
The corresponding reaction scheme was as follows:

Si–OH+(CH3)3Si–NH–Si (CH3)3-Si–O–Si(CH3)3+NH3m.

The prepared materials would be referred as SBA (non-silylated
SBA-15) and S-SBA (silylated SBA-15).

However, an SBA-15-supported Co catalysts with 20 wt% metal
loading were prepared by an incipient wetness impregnation of
SBA and S-SBA with the required volume of ethanol cobalt nitrate
solutions. Then, the cobalt impregnated samples were dried at
393 K and calcined in air at 673 K for 6 h. These catalysts would be
denoted as Co/SBA and Co/S-SBA.

Another catalyst S-Co/SBA was prepared under identical con-
ditions, but different route by silylation of the Co/SBA solid. Firstly,
cobalt was deposited over the bare SBA-15 support, and then the
obtained material was silylated with HMDS following the silylation
procedure described above for an SBA-15.

2.2. Catalyst characterization

FT-IR experiments were perfomed in a Nicolet Magna 550
spectrophotometer using a resolution of 4 cm�1 at room tempera-
ture. Typically, about 1–5 mg of the sample were diluted by KBr (ratio
1:300) and pressed into a wafer.

The content of carbon, hydrogen and nitrogen was measured
with Vario EL Analyzer.

TGA was carried out on a Setaram TGA-92 analyzer with a heating
speed of 10 K/min in the 303–1073 K range under air in a flow of
50 ml/min.
Nitrogen adsorption–desorption was performed at 77 K with an
ASAP-2000 Micromeritics instrument to obtain BET specific surface
areas and BJH pore size distributions. Before the analysis, the
samples were outgassed at 393 K for 12 h.

XRD patterns of the samples were collected on a Rigaku D/max-
RA instrument with Cu-Ka radiation. Small-angle X-ray diffraction
data were collected from 0.51 to 51 (2y) with a resolution of 0.021.
The wide-angle XRD spectra were scanned at a rate of 2.01/min in
the range 2y¼20–801. The crystallite phase was estimated with the
data of JCPDS. The mean Co3O4 crystallite sizes were obtained
according to the (3 1 1) diffraction peak by the Scherrer equation.

H2-TPR was performed in a U-tube quartz microreactor heated
by an electrical furnace. The reactor was loaded with 25 mg
calcined catalyst and heated at a temperature ramp at 10 K/min
from 333 to 1233 K with a gas consisting of 5% H2 in an N2. The gas
flow rate was 60 ml/min. The H2 consumption (TCD signal) was
recorded automatically by a quadrupole mass spectrometer.

2.3. Catalyst testing

All catalysts were evaluated in a stainless-steel fixed-bed reactor
at 2.0 MPa, 1000 h�1 and a H2/CO ratio of 2.0. The catalyst loading is
2.0 ml. The catalysts were reduced in a flow of hydrogen at 673 K for
6 h and then cooled down to ambient before switching to syngas. Data
were taken at steady state after 24 h on-stream. The gas effluents
were analyzed on-line by using a GC-8A chromatographs equipped
with thermal conductivity detector (TCD) and flame ionization
detectors (FID). Liquid products and wax were collected in a cold
trap and a hot trap, respectively, and then were off-line analyzed on a
GC-920 chromatograph, which was equipped with a 35 m OV-101
capillary column. The carbon and mass balances were 10075%.
3. Results and discussion

3.1. Surface grafting

Fig. 1 illustrates the FT-IR spectra of the parent SBA-15 and silylated
Co/SBA-15 before and after reduction. As shown in Fig. 1a, for all the
samples, the bands at 1083, 806 and 465 cm�1 could be assigned to the
asymmetric, symmetric stretching and deformation vibrations of the
Si–O–Si framework [23,24], respectively. The absorbance at 960 cm�1,
corresponding to the Si–O stretching of the Si–OH [25], decreased in the
silylated materials as the result of the transformation of Si–OH groups
into Si–O–Si(CH3)3. The broad adsorption at 3470 cm�1 was ascribed
to free Si–OH groups [26] and another very sharp peak around
1640 cm�1 came from physically adsorbed water [27]. Furthermore,
the peaks appeared at 2960, 2910 and 1385 cm�1, which were ascribed
to C–H stretching and deformation vibrational modes of surface Si–CH3

formed during the silylation process [28]. These indicated that the
surface of an SBA-15 was grafted with methyl groups.

The IR spectra (4000–400 cm�1 region) of S-Co/SBA and Co/S-SBA
samples were obtained after reduction at 673 K and passivatation. It
could be observed that S-Co/SBA sample presented two weak IR bands
at 2938 and 2910 cm�1 (Fig. 1b), which were ascribed to the
symmetric and asymmetric stretching vibrational modes of C–H
bonds of the surface Si–CH3 groups. However, the corresponding
methyl groups peaks nearly disppeared for Co/S-SBA, which could be
attributed to Si–(CH3)3 of Co/S-SBA was probably destroyed during
the calcination and reduction process at 673 K.

3.2. Thermal stability of silylated catalysts

The thermal stability of silylated samples was investigated by
means of thermogravimetric analysis (TGA) techniques (see Fig. 2).
The first loss took place at 323–423 K was due to the elimination of
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Fig. 1. FT-IR spectra of SBA-15 and surface silylated cobalt catalysts: (a) before

reduction process and (b) after reduction process.
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Fig. 2. TG-DTG profiles for the silylated catalysts.
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physisorbed water (2–4 wt%). It was well accepted that the amount of
desorbed water depended on the surface hydrophobicity [29]. Despite
the same amount of HMDS used in the preparation of hydrophobic
catalysts, it could be clearly observed that the amount of water
desorbed was significantly lower for S-Co/SBA, due to its more
hydrophobic surface than Co/S-SBA. The Si–(CH3)3 species on the
surface of Co/S-SBA sample could be partially destroyed during the
calcinations at 673 K for 6 h after the impregnation as shown in
Table 1. Only a small amount of physisorbed water desorption
was detected for the S-Co/SBA. A slight continuous weight loss
(1–2 wt%) was observed at 423–873 K, probably associated with
the thermal decomposition of methyl groups incorporated in SBA-15.
The weight losses above 873 K were likely due to the dehydration of
silanol groups on the support surface [30]. Thus, the silylated samples
were stable during the calcinations and reduction process at tem-
peratures 673 K. The TGA results were in agreement with the previous
infrared spectroscopy results. IR spectroscopy proved that the surface
Si-CH3 groups were stable at temperatures lower than 673 K.
3.3. Phase structure

Fig. 3 shows the X-ray diffractograms of all the silylated SBA-15
catalysts with non-silylated SBA-15 as reference. Silylated SBA-15
catalysts have similar XRD patterns to the pure SBA-15, indicating
their ordered hexagonal mesoporous structure (see Fig. 3a). How-
ever, the decrease in diffraction intensity and the absence of (1 1 0)
and (2 0 0) reflections revealed that their structural order did not
remain over a long range, which was usually observed during
modification of mesoporous materials [31]. Furthermore, the
samples containing cobalt had reflections at 2y of about 31.31,
36.91, 45.01, 59.41 and 65.21 (see Fig. 3b), corresponding to the
different crystal planes of the spinel-phase Co3O4 [32]. No other
crystalline phase was detected on those catalysts. The particle sizes
of Co3O4 estimated by the Scherrer equation [33] were listed in
Table 1. As expected, the Co3O4 crystallite size was slightly larger
for Co/S-SBA, due to the weaker cobalt oxide-support interaction.
A similar increase in Co3O4 crystallite size over a silylated SBA-15
surface was also reported [20]. However, the result of S-Co/SBA
disagreed with the results reported by Shi et al. [22], who observed
that the silylation did not change the cobalt particle sizes.

3.4. Sample porosity

The isotherms of nitrogen adsorption and desorption for
SBA-15, silylated SBA-15 and the corresponding catalysts were
illustrated in Fig. 4. The pure-silica SBA-15 sample exhibited a type
IV isotherm according to IUPAC with a H1 hysteresis loop, which is
characteristic of highly ordered mesoporous materials. For all the
silylated SBA-15 and silylated Co/SBA-15 catalysts, the N2 adsorp-
tion isotherms were similar to that of the original SBA-15. These
indicated that the parent mesoporous structure was maintained
after silylation and cobalt loading, which was in good agreement
with the small-angle XRD result.



Table 1
Physical and chemical properties of the support material and the cobalt-SBA-15 catalysts.

Sample SBET (m2/g) VPore (cm3/g) Pore size (nm) C (wt%) Co3O4 size (nm)a Reducibility (%)b

SBA 552 0.94 6.8 – – –

S-SBA 407 0.73 7.1 – – –

Co/SBA 381 0.60 6.3 0.33 14.3 68.3

Co/S-SBA 338 0.53 6.3 1.29 16.4 71.4

S-Co/SBA 276 0.50 7.3 4.22 15.9 35.8

a Calculated from Scherrer equation [33] according to the (3 1 1) diffraction peak of Co3O4.
b Calculated from the differential area of H2O during TPR at 333–673 K.
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The BET surface area pore volume and average pore diameter
were given in Table 1. Silylation of SBA-15 with HMDS produced a
decrease both in specific surface area and in total pore volume, and
enlarged the pore size. These could be attributed to the entrance of
organic groups into the pores of the support that made them
inaccessible for nitrogen adsorption. Meanwhile, organic groups
grafted onto the microporous also reduced the surface area and
enlarged the average pore diameter.[22] The BET surface area and
pore volume decreased further after cobalt impregnation. Impreg-
nation of silicas with cobalt nitrate leads to a pronounced decrease
in support concentration in modified catalysts, a ‘‘dilution effect,’’
which could also contribute to decrease in catalyst surface areas
and pore volume. The pore size of Co/SBA and Co/S-SBA catalysts as
smaller than 6.8 nm. This might be caused by a partial blockage of
the Co/SBA pores and/or a partial collapse of the mesoporous
structure after the silylation with HMDS and cobalt introduction. It
was noteworthy that average pore diameter of the catalyst Co/SBA
enlarged after silylation, which was primarily attributed to clog-
ging support pores by organic species.
3.5. Reduction behavior

The influence of silylation on the reduction behavior of the
Co/SBA catalysts was investigated by TPR, and Fig. 5 shows the
H2-TPR profiles in the temperature range 333–1073 K and
the relevant reduction product H2O (M/Z¼18) mass analyses. Accord-
ing to the peak of production H2O, the recorded curves could be
divided into three main reduction regions. The first reduction stage at
493–583 K could be assigned to the reduction of Co3O4 to CoO, and the
second peak at 583–823 K was attributed to the subsequent reduction
of intermediate CoO to Co0 [34]. Besides these two peaks, a broad
reduction feature at temperature larger than 823 K could be ascribed
to the reduction of cobalt strongly interacted with the support, since
bulk Co3O4 would be reduced completely at temperature below 773 K
[32]. In general, the high temperature reduction peak above 823 K
was attributed to the reduction of Co2SiO4 [35], although no Co2SiO4

phase was observed in an XRD measurement in the present work.
Those catalysts appeared the reduction of Co2SiO4, except Co/S-SBA.
For Co/S-SBA, the silylation before the impregnation might hinder the
strong interaction between cobalt precursor and the SBA-15 surface.



Table 2
The activity and selectivity of different catalysts for Fischer–Tropsch synthesis.

Catalyst CO conversion

(%)a

Hydrocarbon selectivity (wt%)

CH4 C2–4 C5 + C5–11 C12–18 C19+

Co/SBA 60.82 9.53 6.55 83.92 40.56 27.11 16.25

Co/S-SBA 77.15 11.76 9.06 79.18 36.24 26.75 16.20

S-Co/SBA 52.82 19.18 14.89 65.93 39.76 21.21 4.96

a Reaction conditions: T¼513 K, n(H2)/n(CO)¼2.0, GHSV¼1000 h�1 and

P¼2.0 MPa.
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Fig. 5. H2-TPR-MS profiles of the silylated and non-silylated Co/SBA catalysts.
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The silylation markedly influenced the reduction processes of
Co/SBA catalysts. According to the literature [36], the first reduc-
tion step of Co3O4 (Co3O4-CoO) was fast (giving a sharp low-
temperature peak), and the slow CoO reduction step resulted in a
broad profile (see Fig. 5). It was believed that the broad second
region was dependent on the interaction between CoO and the
support. Both Co/SBA and S-Co/SBA showed a broad reduction peak
in the second reduction step (CoO-Co0), indicating their strong
interaction with support. The silylated catalysts S-Co/SBA had the
lowest reducibility, which was ascribed to the steric hindrance of
grafted –Si(CH3)3 towards the accessibility of the H2 to cobalt
oxides.
3.6. Performance of silylated Co catalysts

The performance of silylated Co catalysts for an FT synthesis
is listed in Table 2 and they followed the activity order
Co/S-SBA4Co/SBA4S-Co/SBA under the same conditions, which
was in accordance with the order of their reducibility observed by
TPR. Co/S-SBA catalyst had the highest CO conversion as the result
of the silylation prior to the introduction of cobalt into the support,
which weakened the cobalt-support interaction and then enhanced
the reducibility of cobalt oxide species. Consequently, S-Co/SBA
showed the lowest CO conversion compared with Co/SBA.

An enhanced formation of methane and light hydrocarbons
(C2–C4) was observed and the selectivity for higher hydrocarbons
(C19 +) significantly decreased with the addition of HMDS. Ojeda
et al. [21] found that the CO conversion rate increased over the
silylated catalyst and no changes were found for the chain-growth
probability [21]. However, it should be noted that they did not
detect any changes in cobalt reducibility after the silylation. In the
present case, such a low activity and high C1 selectivity could be
related to the low reducibility of cobalt species on an S-Co/SBA.
Besides, this might also be ascribed to either the reduction of the
accessibility of the reactants to active sites by the presence of
organic groups incorporated into Co/SBA catalyst, or the prevention
of the re-adsorption of a-olefins and the chain growth by the steric
hindrance of grafted –Si(CH3)3 [22]. As a result, the S-Co/SBA
catalyst showed the low activity and high selectivity towards
methane.
4. Conclusions

A series of silylated Co/SBA-15 catalysts were prepared by
different post-grafting routes via vapor-phase silylation. It was
found that their Co3O4 crystallite size and reducibility were
influenced by silylation routes. Co/S-SBA catalyst showed the
largest Co3O4 crystallite size and the highest reducibility, and then
more active and low methane selectivity than S-Co/SBA in an FT
synthesis. This proved that the silylation before the cobalt impreg-
nation had a positive effect on both activity and selectivity in an FT
synthesis.
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