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Introduction

Fischer–Tropsch synthesis (FTS) is a promising process for pro-
ducing alternative clean fuels from coal, natural gas, and bio-
mass-derived syngas (CO and H2). It aims at converting synthe-
sis gas to long-chain hydrocarbons (FT waxes),[1] and one of
the key elements of FTS is the development of active and
stable catalysts with high wax selectivity.[2] Cobalt-based cata-
lysts have an advantage over iron-based catalysts because of
their high activity, low water gas shift reaction, and higher se-
lectivity to linear paraffin.[3] However, cobalt-based FT catalysts
are expensive than iron-based catalysts. Also, a highly active
and stable cobalt catalyst is important for ensuring that the
process is economically feasible. Under realistic FTS conditions,
cobalt-based catalysts exhibited deactivation with time on
stream.[4] To maximize the lifetime of a cobalt catalyst, the
causes of its deactivation must be eliminated.

In the FTS reaction, the catalyst deactivation is attributed to
a combination of phenomena, such as poisoning, sintering,
surface carbon formation, carbonization, cobalt reoxidation,
cobalt–support interaction compound formation, surface re-
construction, and mechanical deactivation through attrition.[2]

The rate and extent of deactivation are also related to process
conditions, such as temperature, pressure, conversion, partial
pressures of synthesis gas and steam, and the type of reactor
(fixed-bed or slurry).

The sintering of a catalyst leads to a reduction of the active
surface area, which is thermodynamically driven from the ener-
getically favored surface energy minimization of the crystal-
lites. The two main sintering mechanisms are 1) atomic migra-
tion (Ostwald ripening or coarsening) and 2) crystallite migra-
tion (coalescence). Sintering processes generally take place at
high reaction temperatures and are accelerated by the pres-
ence of water vapor.[5] In addition, the size-dependent mobility
of the crystals on various supports contributes significantly to
sintering. Sintering, in general, is considered to be an irreversi-

ble phenomenon. Much attention has been focused on investi-
gating the role of sintering of cobalt in catalyst deactivation.
Bartholomew, Bezemer, and co-workers[5] reported that the
detrimental effect of water on FT performance was not related
to bulk oxidation of cobalt nanoparticles, but rather to water-
enhanced sintering. Extended X-ray absorption fine structure
results strongly suggested that the deactivation was predomi-
nately due to sintering.[6] To obtain a stable catalyst, many
preparative methods have been explored, such as embedding
active metal within the carbon or silica walls and introducing
promoters.[7]

Recently, cubic-structured three-dimensional mesoporous
silica (e.g. , SBA-16, SBA-1, HOM-9, and KIT-6) have been used
as supports for metal, metal oxide, and metal sulfide cata-
lysts.[8] Improved catalyst activities were achieved because
these supports reduced agglomeration between particles and
hence enhanced the stability of the catalyst and allowed fast
transport of reactants and products. The SBA-16 (cubic, Im3m)
with cagelike structures has tunable cage size (4–35 nm) and
pore entrance size (generally <4 nm).[9] A nanocage is
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interconnected three dimensionally to eight neighboring cages
through pore entrances, which are more resistant to blocking
and allow smooth transport of reactants and products. The iso-
lated nanocages of SBA-16 can accommodate metal complexes
and metal particles formation in situ up to the size of the
cage.[8a, b, 10] Moreover, the smaller pore entrances may inhibit
the migration of metal nanoparticles and hence limit the
extent of sintering. Furthermore, SBA-16 has good thermal sta-
bility, which is a prerequisite for applications at high tempera-
ture, especially in the presence of water.[8c, 11]

We report preparation and characterization of SBA-16
cobalt-supported catalysts and their catalytic activity for FTS.
The catalysts were characterized by N2 adsorption–desorption,
XRD, TEM, and temperature-programmed reduction (TPR). The
influence of cobalt loading (10–40 wt % Co) on the FTS perfor-
mance of Co/SBA-16 catalysts was investigated in a fixed-bed
reactor. To better appraise the relative activity and stability of
the catalysts, we tested the catalysts for the FTS reaction
under the conditions of high CO conversions (in a fixed-bed re-
actor) and in the presence of high water content in the reac-
tion mixture [in a continuously stirred tank reactor (CSTR)] .

Results and Discussion

Characterization

N2 adsorption–desorption

The N2 adsorption–desorption isotherms and pore size distri-
butions of the catalysts are shown in Figure 1. Brunauer–
Emmett–Teller (BET) surface areas, pore volumes, and average
pore diameters of the catalysts are given in Table 1. The N2 ad-
sorption–desorption isotherms of SBA-16 are type IV (H2) hyste-
resis loop (see Figure 1 a), typical of mesoporous silica with
large cages and small opening pores.[12] All the catalysts show
two pore size distributions attributed to the pore entrance and
the cage and with an average diameter of 3.7 and 10 nm, re-
spectively. The average pore sizes of SBA-16 before and after
cobalt loading seem unchanged, which indicates that the pore
structure of the SBA-16 support was well preserved after the
impregnation of Co3O4 nanoparticles. As clearly indicated in
Table 1, the BET surface areas and pore volumes for the cata-
lysts decreased with increasing cobalt loading, which indicates
that cobalt species were introduced into the cages,[13] as also
indicated by TEM. BET surface areas, pore volumes, and the
pore diameter of 20 % Co/SiO2 catalysts are also listed in
Table 1, along with those of Co/SBA-16 catalysts.

Transmission electron microscopy

TEM images of the 20 % Co/SBA-16 catalyst (before reduction
by H2) are shown in Figure 2 a, b. Analysis of Figure 2 b reveals
that the Co3O4 nanoparticles are uniformly distributed inside
the interconnected cages and most of the Co3O4 nanoparticles
(dark dots) are highly dispersed within the cages along the
(111) plane of SBA-16. Shown in Figure 2 c is the TEM image of
Co3O4 nanoparticles after removal of SiO2 from the 20 % Co/
SBA-16 catalysts with use of HF acid. The TEM images indicat-

ed that the porous crystals were made of nanoballs connected
by nanobridges.[14] Such bridges can be observed at the edge
of the particles. The average diameter of the dark dots is
12 nm, which is slightly larger than the cage size of SBA-16.
The nonlocal density functional theory (NLDFT) method as-
sumes spherical cages,[15] and therefore calculation of the aver-
age particle size from the TEM image is in three dimensions
(and possibly include the bridge or the entrance). A careful
analysis of many areas of this sample (see Figure 2 a) revealed
that no larger Co3O4 particles are located on the external sur-
face of SBA-16 support, which indicates that most of the

Figure 1. a) N2 adsorption–desorption isotherms and b) pore size distribu-
tions of the catalysts.

Table 1. N2 adsorption–desorption data of catalysts.

Sample Vt

[cm3 g�1][a]

SBET

[m2 g�1][b]

WNLDFT

[nm][c]

DCo3O4

[nm][d]

DCo

[nm][e]

SBA-16 0.93 1002 10.1 (3.5)
10 % Co/SBA-16 0.62 640.1 10.0 (3.6) 11.7 8.8
20 % Co/SBA-16 0.52 516.4 10.0 (3.7) 13.2 9.9
30 % Co/SBA-16 0.48 442.4 10.1 (3.7) 11.6 8.8
40 % Co/SBA-16 0.36 330.0 10.1 (3.7) 11.7 8.8
SiO2 1.24 293.2 7.0
20 % Co/SiO2 0.51 274.3 7.0 17.1 12.8

[a] Total pore volume; [b] BET specific surface area; [c] The pore diameter
calculated by means of the NLDFT method from the adsorption branches
of the isotherms; [d] Average crystalline size of Co3O4 calculated from the
Scherrer equation; [e] Average cobalt particle size estimated from the cor-
responding DCo3O4

by applying the molar volume correction:
DCo = (3/4)DCo3O4

.
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nanoparticles are selectively embedded in the inner pore
system of SBA-16. The large cages of the SBA-16 support are
only partially filled by Co3O4, because even if it is fully filled at
the beginning by Co(NO3)2·6 H2O, the volume of the cobalt
compound will be significantly reduced when it decomposes
and forms Co3O4. Shown in Figure 2 d is the TEM image of the
referenced 20 % Co/SiO2 catalyst (before reduction by H2). Com-
pared with that of the 20 % Co/SBA-16, the Co3O4 particles of
this sample are dispersed on the external surface of SiO2 and
agglomerate to form islands, which consist of many small
Co3O4 particles. As the contrast between Co3O4 particles is not
sufficiently clear,[16] the Co3O4 particle size was obtained from
the XRD measurement.

Shown in Figure 3 are the TEM images of 20 % Co/SBA-16
and 20 % Co/SiO2 catalysts after the FTS reaction. It can be ob-
served that the particles inside SBA-16 cages have a remark-

able stability against sintering after the reaction (see Fig-
ure 3 a). This excellent stability is attributed to the unique
structure of SBA-16, in which the particles are trapped in the
cages and cannot diffuse through the small pore openings
connecting the cages. No aggregated particles were observa-
ble on the external surface after the reaction because of the
three-dimensional structure of the support, although it is ex-
pected that the preparation of the catalyst by means of the in-
cipient wetness impregnation method will initially result in a
wide range of particle sizes. Shown in Figure 3 b is the image
of 20 % Co/SiO2 catalysts after the reaction. The cobalt particles
on used 20 % Co/SiO2 catalysts have aggregated into large par-
ticles in sizes greater than 17 nm as a result of the sintering
process.

X-ray diffraction

Shown in Figure 4 are the low-angle XRD patterns of the Co/
SBA-16 catalysts. After impregnation of cobalt, the XRD pat-
terns were almost unchanged and demonstrated the high dif-

fraction peaks at 2 q= 0.88, which reflects the ordered structure
of SBA-16. However, with increasing cobalt loading, the intensi-
ty of the SBA-16 reflection peak decreased gradually and the
peak became broader. The strong reduction of the X-ray peak
intensities owes to increasing destructive interferences by the
pores filling with increasing amounts of the cobalt oxide,
which suggests that cobalt species were highly distributed in
the pores.[17]

The high-angle XRD patterns for the catalysts are shown in
Figure 5. Diffraction peaks at 2 q= 31.3, 36.9, 45.1, 59.4, and
65.48 indicate that cobalt is present in the form of Co3O4 crys-
talline phase[18] on all the catalysts after calcination at 450 8C.
The average particle sizes of Co3O4 were estimated from the
Scherrer equation with use of the most intense reflection at
2 q= 36.98 (see Table 1),[19] which indicates that all the Co/SBA-
16 catalysts have similar crystallite size (�12 nm) which does
not increase largely with cobalt loading; this is in good agree-
ment with the TEM results. This also means that most of the
cobalt species were impregnated into the cages.

For SiO2 catalysts with the same cobalt loading, the average
crystallite size of Co3O4 calculated from the Scherrer equation

Figure 2. TEM images of 20 % Co/SBA-16 and 20 % Co/SiO2 catalysts before
reduction by H2. a) Low magnification image for 20 % Co/SBA-16 catalyst.
b) (111) projections for 20 % Co/S BA-16 catalyst (dark dots are Co3O4 nano-
particles). c) TEM image of Co3O4 nanoparticles after removing SiO2 from the
20 % Co/SBA-16 catalyst with use of HF acid. d) TEM image of the 20 % Co/
SiO2 catalyst.

Figure 3. TEM images of a) 20 % Co/SBA-16 and b) 20 % Co/SiO2 catalysts
after the reaction. Reaction conditions: 215 8C, 1.0 MPa, H2/CO = 2:1,
3 SL g�1 h�1 for Co/SBA-16, and 1 SL g�1 h�1 for Co/SiO2.

Figure 4. Low-angle XRD patterns of the catalysts.

ChemCatChem 2012, 4, 265 – 272 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemcatchem.org 267

SBA-16-Supported Cobalt Catalyst for Fischer–Tropsch Synthesis

www.chemcatchem.org


is 17.1 nm, larger than that of SBA-16 catalysts and the corre-
sponding pore diameter. This means that most of the Co3O4

particles were dispersed on the external surface of the SiO2

support, as shown in the TEM images.

TPR and O2 titration

The TPR profiles of the Co/SBA-16 catalysts with different
cobalt loadings are shown in Figure 6. For 10 % Co/SBA-16 and
20 % Co/SBA-16 catalysts, three main reduction peaks are ob-

served. The a peak located at 250–340 8C is attributed to the
first step reduction of Co3O4 (Co3O4!CoO). The
b peak located at 340–390 8C is attributed to the reduction of
the intermediate CoO phase (CoO!Co0).[20] The relative inten-
sity of the second reduction peak increased with cobalt load-
ing from 10 to 20 wt %, which suggests a higher reduction
degree of CoO to Co.[21] A very broad peak (g peak) located at
550–800 8C and 380–630 8C for 10 % Co/SBA-16 and 20 % Co/
SBA-16 catalysts, respectively, is observed, which indicates the
presence of surface cobalt species with different degrees of in-
teraction with the support. As can be seen, the temperature
maximum for the g peak shifted to low temperature with in-
creasing cobalt loading from 10 to 20 wt %, which indicates a
lower strength of interaction,[21] attributed to the slightly larger
Co3O4 particle size of 20 % Co/SBA-16 catalysts (see Table 1).

With increasing cobalt loading, the TPR profiles of 30 % Co/
SBA-16 and 40 % Co/SBA-16 catalysts are significantly different
from the other two curves. For 30 % Co/SBA-16 and 40 % Co/
SBA-16 catalysts, two main reduction peaks (a and b) close to
each other are observed, with temperature maxima at 250–
360 8C. Compared with that of 30 % Co/SBA-16 catalyst, the g

peak of 40 % Co/SBA-16 became broader and the peak was
shifted from 650 to 679 8C. This owes to the fact that with the
increase in cobalt loading from 30 to 40 wt %, more cobalt was
dispersed on the pore entrance (<4 nm) of the SBA-16 sup-
port. The small Co3O4 particle in the pore entrance has a stron-
ger interaction with the support. Therefore, the g peak of the
40 % Co/SBA-16 catalyst became broader and the intensity of
the peak became stronger. The upshift of the g peak for
40 % Co/SBA-16 implied that the 40 % Co/SBA-16 catalyst is
more difficult to reduce than is the 30 % Co/SBA-16 catalyst.

In summary, the above features indicate that the reducibility
of the 20 % Co/SBA-16 catalyst is higher than that of 10 % Co/
SBA-16, 30 % Co/SBA-16, and 40 % Co/SBA-16 catalysts. The re-
ducibility of the 30 % Co/SBA-16 catalyst is higher than that of
the 40 % Co/SBA-16 catalyst.

The O2 titration data are listed in Table 2, which reveal that
the reducibility decreased in the order 20 % Co/SBA-16>
10 % Co/SBA-16>30 % Co/SBA-16 (40 % Co/SBA-16). The

30 % Co/SBA-16 and 40 % Co/SBA-16 catalysts have a similar re-
ducibility. Jacobs et al.[22] reported that for conventional oxide
supports, increasing the cobalt loading led to the increased
average Co3O4 particle size and improved reducibility by de-
creasing the interaction between the metal and the support.
However, with the increase in cobalt loading, the Co3O4 parti-
cle size of Co/SBA-16 catalysts could not grow larger than the
cage size of SBA-16. Thus, there will be more small particles in
the cage entrance with increasing cobalt loading. Increasing
cobalt loading from 20 to 30 wt % led to an enhanced interac-
tion between cobalt and SBA-16, and then the reducibility de-
creased, which are in agreement with the results of TPR.

Fischer–Tropsch synthesis

Effect of cobalt loading

The catalytic activity of the Co/SBA-16 and Co/SiO2 catalysts
was studied in a fixed-bed reactor under typical FTS conditions
(210 8C, 1.0 MPa, H2/CO = 2:1, 6 SL g�1 h�1). The changes in the
FTS activity of these catalysts with time on stream are shown
in Figure 7. The conversion of CO decreases slightly after 100 h
time on stream.

Figure 5. High-angle XRD patterns of the catalysts.

Figure 6. TPR profiles of the catalysts.

Table 2. O2 titration data of prepared Co/SBA-16 catalysts.

Sample O2 uptake [mmol g�1] Reducibility [%]

10 % Co/SBA-16 799.0 70.3
20 % Co/SBA-16 1659.9 73.0
30 % Co/SBA-16 2025.6 59.4
40 % Co/SBA-16 2731.2 60.0
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The average CO conversion in 100 h on Co/SBA-16 catalysts
as a function of cobalt loading is shown in Figure 8. The activi-
ty increases with increasing cobalt loading. Increasing cobalt
loading from 10 to 20 wt % caused CO conversion to signifi-

cantly increase from 16 to 46 %. A further increase in cobalt
loading increased the CO conversion only slightly. The changes
in CO conversion as a function of cobalt loading are due to
qualitative and quantitative reasons. The quantitative reason is
that the increase in cobalt loading provides more cobalt atoms
that could potentially serve as the site for the reaction. A fur-
ther increase in cobalt loading from 30 to 40 wt % seems to
achieve a marginal increase in conversion owing to the de-
crease in the surface area of the catalyst and the lower reduci-
bility owing to the formation of a strong metal–support
interaction.

Figure 7 also shows the CO conversion of the 20 % Co/SiO2

catalyst (�16 %). The CO conversion of 20 % Co/SBA-16 is
about three times higher than that of 20 % Co/SiO2. This higher
activity is related to the higher dispersion of cobalt on the
SBA-16 surface because cobalt nanoparticles on SBA-16 have a
smaller particle size (see Table 1) and a higher surface area,
which makes more cobalt atoms available for FT catalysis.

The data of the FTS activity and product selectivity for the
catalysts are summarized in Table 3. Generally, the C5 + selectivi-
ty increases with increased cobalt particle size. However, in this

study, Co/SBA-16 catalysts with a similar particle size have a
similar C5+ selectivity. However, 10 % Co/SBA-16 and 20 % Co/
SiO2 catalysts, which have different particle sizes and similar
CO conversion, have a similar C5+ selectivity. This deviation
from the generally observed dependence of C5+ selectivity on
the particle size is attributed to cobalt nanoparticles in the Co/
SBA-16 catalyst, which are confined in the cages of the SBA-16
support. The confinement resulted in the repeated readsorp-
tion of the a-olefins, which enhanced the chain growth
process.[23]

High CO conversion

A number of studies have linked FT catalyst deactivation with
sintering of cobalt crystallites resulting from high water partial
pressures under reaction conditions.[5] When FTS is performed
at a high CO conversion (80 %), the concentrations of CO and
H2 became lower and the concentration of H2O formed was
higher. Under this condition, sintering and hence deactivation
will be accelerated. To further explore the advantage of the
Co/SBA-16 catalyst, a comparison of the stability of 20 % Co/
SBA-16 catalyst with that of 20 % Co/SiO2 catalysts at a high ini-
tial CO conversion (>80 %) was studied. This study was con-
ducted by using a fixed-bed reactor at T = 215 8C, P = 1.0 MPa,
and H2/CO = 2:1. The reactant gas flow rate for the 20 % Co/
SBA-16 catalyst was 3 SL g�1 h�1 whereas that for the 20 % Co/
SiO2 catalyst was 1 SL g�1 h�1. The plots of CO conversion with
time on stream are shown in Figure 9. After 100 h time on

Figure 7. FTS activity with time on stream on Co/SBA-16 and Co/SiO2 cata-
lysts. Reaction conditions: 210 8C, 1.0 MPa, 6 SL g�1 h�1, and H2/CO = 2:1.

Figure 8. Influence of cobalt loading on the CO conversion.

Table 3. CO conversion and product distribution of FTS reactions.[a]

Catalysts XCO [mol %] Hydrocarbon selectivity [mol %]
CH4 C2 C3 C4 C5+

10 % Co/SBA-16 16.1 6.7 0.7 2.5 4.0 86.1
20 % Co/SBA-16 46.3 5.7 0.7 2.1 2.9 88.6
30 % Co/SBA-16 51.3 6.4 0.7 1.8 2.6 88.5
40 % Co/SBA-16 51.9 7.5 0.9 2.1 2.9 86.6
20 % Co/SiO2 16.5 5.2 0.7 2.3 4.7 87.1

[a] Reaction conditions: 1.0 MPa, 210 8C, H2/CO = 2:1, 6 SL g�1 h�1; FTS
data were collected at steady state (80 h).

Figure 9. FTS activity with time on stream on 20 % Co/SBA-16 and 20 % Co/
SiO2 catalysts. Reaction conditions: 215 8C, 1.0 MPa, H2/CO = 2:1, 3 SL g�1 h�1

for Co/SBA-16, and 1 SL g�1 h�1 for Co/SiO2.
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stream, the CO conversion on the 20 % Co/SBA-16 catalyst de-
creases substantially from 80 to 65 %. However, over the next
300 h the CO conversion decreases only by 8 %, that is, to
57 %. In the case of the Co/SiO2 catalyst, the CO conversion de-
creases from 80 to 55 % in the first 100 h time on stream and
then down to 38 % after 400 h time on stream. These results
confirm that the 20 % Co/SBA-16 catalyst is not only much
more active but also more stable than the 20 % Co/SiO2

catalyst.
Figure 10 shows the CO conversion within 100 h. The loss of

activity for the first-step deactivation can be simulated with
power-law Expressions (1) and (2):

Co=SBA-16 catalyst : XCO ¼ 95:99 T ðhÞ
�0:0865 ð1Þ

Co=SiO2 catalyst : XCO ¼ 110:88 T ðhÞ
�0:1602 ð2Þ

in which X is the CO conversion and T is the reaction time.

The sintering rate data were fitted to a simple power law ex-
pression shown in Equation (3):[5a]

�dX
dT
¼ kX n ð3Þ

in which k is the sintering rate constant and n is the sintering
order, which may vary from 3 to 15. After integration and data
reduction, the sintering order (n) is determined to be 12.6 and
7.2 for Co/SBA-16 and Co/SiO2 catalysts, respectively. These
values are within the usual range of sintering order, which im-
plies that the activity loss of the first-step deactivation is attrib-
uted to the sintering of the small cobalt particles resulting
from fewer cobalt particles on the external surface of the sup-
port during FTS, in agreement with the observation of Bertole
et al.[24] The deactivation in the second step could be due to
the collapse of the support, the formation of cobalt silicates,
and/or the blockage of microporous channels.[2, 25]

As observed in Figures 9 and 10, the 20 % Co/SBA-16 catalyst
is more active and stable than the 20 % Co/SiO2 catalyst, which
is attributed to the high dispersion of cobalt species and low
mobility of cobalt particles[26] in the SBA-16 cages, respectively.

Owing to the spatial restriction of the isolated nanocages and
smaller pore entrances of SBA-16, the aggregation and the sin-
tering of cobalt nanoparticles were efficiently prevented. How-
ever, for Co/SiO2, the spatial restriction was unable to prevent
the growth of cobalt nanoparticles. This is evidenced by TEM
analysis (Figure 2 d), which confirms that Co3O4 nanoparticles
are located on the external surface of the silica. After the FTS
reaction, cobalt nanoparticles were found to have grown up to
larger particles (Figure 3 b). This result is consistent with previ-
ous works.[5b, 27]

Water effect

The stability of the Co/SBA-16 catalyst with the addition of
water was investigated. The reaction was performed with a
CSTR. To keep the partial pressures of H2 and CO constant,
30 vol % of nitrogen was added to the feed at the beginning
of the run. Figure 11 shows the changes in CO conversion with
time on stream for 20 % Co/SBA-16 and 20 % Co/SiO2 catalysts.

For the 20 % Co/SBA-16 catalyst, with the feed gases contain-
ing 10 vol % of water, the CO conversion was found to be
higher than that without water. After switching back to the
standard conditions, the CO conversion did not rapidly return
to the original activity. However, with the feed gases contain-
ing 20 vol % of water, the catalyst still retained the same high
activity as that with the feed gas containing 10 vol % of water.
During the whole 650 h of reaction, no decrease in CO conver-
sion is observed. After switching back to the standard
operating conditions, the CO conversion of the 20 % Co/SBA-16
catalyst is lower than the original conversion without water ad-
dition and stabilized at 35 %.

For the 20 % Co/SiO2 catalyst, the 10 vol % of water addition
did not affect the rate of catalyst deactivation (0.5 % per day).
After switching back to the standard conditions, no change in
the deactivation rate is observed. However, when 20 vol % of
water was added, the CO conversion decreased dramatically
and the rate of catalyst deactivation increased significantly
(1.4 % per day). Even when water addition is stopped, the rate

Figure 10. FTS activity as a function of time on stream in a run of 100 h on
20 % Co/SBA-16 and 20 % Co/SiO2 catalysts. Figure 11. FTS activity with time on stream on Co/SBA-16 and Co/SiO2 cata-

lysts with the addition of water. Reaction conditions: 230 8C, 1.0 MPa,
6 SL h�1 g�1, 30 % N2 (standard conditions), H2/CO/N2 = 4.67:2.33:3, 10 %
water: H2/CO/N2/H2O = 4.67:2.33:2:1, and 20 % water: H2/CO/N2/H2O
= 4.67:2.33:1:2.
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of catalyst deactivation did not change. During the whole
500 h of reaction, the CO conversion decreased from 28 to 8 %.

Water appears to have a significant adverse impact on the
Co/SiO2 catalyst than on the 20 % Co/SBA-16 catalyst. It can be
concluded that the CO conversion of 20 % Co/SBA-16 increased
upon the addition of water whereas the CO conversion of
20 % Co/SiO2 decreased rapidly. The high stability of the Co/
SBA-16 catalyst is attributed to the effective stabilization of
cobalt nanoparticles in the three-dimensional mesoporous
silica cages of SBA-16—known as the pore confinement effect.
Dalai et al.[28] found that the CO conversion was dramatically
increased when water was added to the Co/SiO2 catalyst with
particles inside the support pore. Tavasoli et al.[27] reported that
the lower sintering rates of the cobalt particles in the inner
tube of the carbon nanotubes compared with the particles lo-
cated on the outer layers were ascribed to a stronger interac-
tion between the cobalt oxides and the inner sides of the
carbon nanotubes. Borg et al.[29] showed that an enhanced CO
conversion by water addition was due to a diffusion effect in
the pores.

Conclusions

Co/SBA-16 catalysts with different cobalt loadings were pre-
pared by means of the impregnation method. The results of
TEM, N2 adsorption–desorption, and XRD analysis showed that
most of the Co3O4 nanoparticles were located inside the SBA-
16 cages. High Fischer–Tropsch synthesis (FTS) activity and sta-
bility were observed on the 20 % Co/SBA-16 catalyst. The CO
conversion increased with the cobalt loading up to 20 % and
then increased slightly with the further increase in cobalt load-
ing. The catalyst deactivation at a high CO conversion and the
effect of water addition on the catalyst deactivation were in-
vestigated in the fixed-bed reactor and continuously stirred
tank reactor, respectively. The results showed that by compar-
ing a commercial SiO2, the high FTS activity and stability of
Co/SBA-16 are attributed to the high dispersion of cobalt spe-
cies and low mobility of cobalt nanoparticles in SBA-16 cages.
The isolated nanocages and smaller pore entrances of SBA-16
support efficiently prevented the aggregation and sintering of
cobalt nanoparticles, which is one of the main deactivation
mechanisms in FTS.

Experimental Section

SBA-16 was prepared according to published methods by use of
poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene oxide)
triblock copolymers as templates.[9a–d, 11] In a typical preparation of
SBA-16, triblock copolymer mixtures [1.2 g of P123 (EO20PO70EO20)
and 6.0 g of F127 (EO106PO70EO106)] were dissolved in HCl (340 mL,
2 m) at RT. Tetraethylorthosilicate (28.28 g) was then added to this
mixture, and the mixture was at 35 8C for 24 h. The mixture is then
aged at 100 8C for 24 h without stirring. The solid product was fil-
tered, washed with distilled water, and calcined in air at 550 8C for
5 h to remove the template. The SiO2 support used was obtained
from Qingdao Meigao Chemical Co.

Co/SBA-16 catalysts with different cobalt loadings (10, 20, 30, and
40 wt %) were prepared by means of incipient wetness impregna-
tion method of the respective SBA-16 with the desired amount of
aqueous cobalt nitrate. The wet mass was dried at 120 8C for 12 h,
followed by calcination at 450 8C for 5 h. For comparison, Co/SiO2

catalysts with 20 wt % cobalt loading were prepared similarly. The
samples were labeled as x % Co/SBA-16, in which x represents
cobalt loading.

A Bruker advanced D8 powder X-ray diffractometer with mono-
chromatic CuKa radiation and nickel filter equipped with a
VANTEC-1 detector was used for XRD measurements. The small
and large angle scan ranges were 0.5–58 and 20–808, respectively,
with steps of 0.0168. The average particle sizes of Co3O4 were esti-
mated from the Scherrer equation with use of the most intense
diffraction peak at 2 q= 36.98. TEM analyses of the samples were
performed with an FEI TECNAI G2 F20 S-Twin microscope. The
samples were crushed in an agate mortar, dispersed in ethanol,
and deposited on a copper–carbon grid for observation. N2 adsorp-
tion–desorption experiment was conducted at �196 8C with a
Quantachrome Autosorb-1-C/TCD/MS. Prior to the experiment, the
sample was degassed at 200 8C for 6 h. The surface area was ob-
tained from the adsorption branch by means of the BET model in
a relative pressure ranging from 0.05 to 0.30. The total pore vol-
umes were calculated from the amount of N2 vapor adsorbed at a
relative pressure of 0.99. The pore size distribution was evaluated
from the adsorption branch of the isotherms by means of NLDFT
method.[15, 30] H2-TPR was performed in a Zeton Altamira AMI-200
unit. Prior to the H2-TPR measurement, the sample (0.05 g) was
first flushed with argon (30 cm3 min�1) at 150 8C for 1 h and then
cooled down to 50 8C. Ten percent of H2/Ar (30 cm3 min�1) was
flown subsequently through the catalyst while the temperature
was increased to 800 8C at a rate of 10 8C min�1 and held at 800 8C
for 30 min. The H2 consumption (thermal conductivity detector
signal) was recorded automatically by a PC. The degree of reduc-
tion was measured by using oxygen titration conducted in a Zeton
Altamira AMI-200 unit. The sample was reduced in pure hydrogen
at 450 8C for 12 h and then reoxidized at 450 8C by introducing
pulses of high-purity oxygen, which are detected by the thermal
conductivity detector located downstream, until there was no fur-
ther consumption of O2. The reference gas for thermal conductivity
detector was high-purity helium. All flow rates were set at
30 cm3 min�1. The extent of catalyst reduction was calculated by
assuming stoichiometric reoxidation of Co to Co3O4. The formula
for the calculation has been shown in previous studies.[22]

FTS was performed in a tubular fixed-bed reactor (internal diame-
ter = 12 mm). The Co/SBA-16 sample (0.5 g) was mixed with carbor-
undum (5 g) and then reduced in high-purity H2 (space velocity of
6 NL h�1 g�1, 25 8C, 101.325 kPa) at atmospheric pressure. The reac-
tor temperature was increased from the ambient temperature to
100 8C (held 60 min) and then increased to 450 8C in 2 h and held
for 10 h. The reactor was subsequently cooled down to 150 8C. The
syngas (H2/CO = 2:1, space velocity of 6 SL h�1 g�1, 0 8C,
101.325 kPa) was then switched on, and the pressure was in-
creased to 1.0 MPa. The reaction temperature was increased to
210 8C at 1 8C min�1, and the reaction was performed at 210 8C. The
products were collected in a hot trap (130 8C) and a cold trap
(�2 8C) in sequence. The outlet gases were analyzed online with an
Agilent 3000 A GC; the oil collected at �2 8C was analyzed with an
Agilent 6890 N GC, whereas the wax collected at 130 8C was ana-
lyzed with an Agilent 7890 A GC.

For the high CO conversion test in a fixed-bed reactor, the catalyst
(1 g; 20 % Co/SBA-16 or 20 % Co/SiO2) was mixed with carborun-
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dum (5 g) and reduced in high-purity H2 (space velocity of
6 NL h�1 g�1) at 450 8C for 10 h. FTS reactions were performed
under the following conditions: H2/CO = 2:1, 1.0 MPa, reaction
temperature 215 8C, and space velocity of 3 SL h�1 g�1 for the
20 % Co/SBA-16 catalyst and 1 SL h�1 g�1 for the 20 % Co/SiO2

catalyst.

The effect of water in the reaction mixture on catalytic activities
was measured in a CSTR. The appropriate amount of water was in-
jected into the feed gas. The 20 % Co/SBA-16 and 20 % Co/SiO2 cat-
alysts were used for activity testing. The catalyst activation was
conducted first ex situ and then in situ according to the following
procedure: The catalyst (10 g) was placed in a fixed-bed reactor
and reduced in a flow of high-purity H2 with a space velocity of
6 NL h�1 g�1 at atmospheric pressure. The reactor temperature was
increased from the ambient temperature to 120 8C (held for
60 min) and then increased to 450 8C in 6.5 h (held for 10 h). The
reactor was subsequently cooled down to the ambient tempera-
ture. The catalyst was transferred under the protection of nitrogen
to the CSTR to mix with the melted wax (500 g). The catalyst was
then reduced in situ. Hydrogen was introduced to the reactor at
atmospheric pressure with a flow rate of 6 NL h�1 g �1. The reactor
temperature was increased to 280 8C at a rate of 120 8C h�1 and
maintained at this activation condition for 12 h. The FTS reactor
system has been described earlier.[31] After the activation, the reac-
tor temperature was decreased to 180 8C and the syngas mixture
(H2/CO/N2 = 4.67:2.33:3, space velocity of 6 SL h�1 g�1) was intro-
duced to increase the reactor pressure to 1.0 MPa. The reactor
temperature was then increased to 230 8C at a rate of 5 8C h�1.
During the entire run, the reactor temperature was 230 8C and the
pressure was 1.0 MPa. The mixed gases entered the CSTR below
the stirrer operated at 750 rpm. When water was added, a fraction
of nitrogen was replaced by an equal amount of water. Thus, the
amount of water added plus nitrogen was 30 vol % of the total
feed during the run. The reaction conditions were changed back
to the standard conditions after each water addition step. Products
were continuously removed from the vapor and passed through
two traps, one maintained at 180 8C and the other at �2 8C. The
outlet gases were analyzed online with an Agilent 3000 A GC.
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