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Abstract: A series of Co-based catalysts supported on different silica-based bimodal mesoporous
materials for Fischer-Tropsch synthesis (FTs) were prepared by the incipient wetness
impregnation (IWI) method. The results showed that Co-based catalysts presented a bimodal
mesoporous structure. Catalysis and characterization results showed that the bimodal structure
strongly influenced the dispersion of cobalt species and the F-T catalytic performance. Moreover,
the F-T synthesis results showed that the catalysts with a bimodal pore size distribution of 2.5 and
8 nm or 2.5 and 11 nm had a lower methane selectivity than those with larger pores. The catalyst
with a 2.5 and 22 nm pore size distribution showed the highest activity and the highest selectivity
to Cs_1.
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1  Introduction

Recently, the Fischer-Tropsch synthesis (FTs) has received more attentions than ever since it
is considered as an effective process to produce wide-range liquid hydrocarbon fuels and high
value-added chemicals from relatively abundant resources, such as natural gas, coal and biomass,

1,2,3

via synthetic gas~“ . The efficiency of F-T synthesis can be improved by the design of a catalyst

with high hydrocarbon selectivity and low methane selectivity.

It has been reported that the FTs activity and selectivity of cobalt based catalyst are affected
by a series of factors, such as its surface properties, pore size, active component dispersion and

reducibility, of which the pore structure has a significant impact. The studies of different pore
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distribution showed that larger cobalt particles, located in the wider pore, were much more active
in F-T synthesis with lower methane selectivity than smaller cobalt particles confined in narrower
pores ‘A support with small pore size usually shows high CO conversion but low heavy
hydrocarbon selectivity, due to diffusion limitation > °. Meanwhile, the support with large pore
diameter mostly contains small surface area, resulting in low Co surface areas and hence low CO
conversion levels. In contrast, bimodal mesoporous materials possibly combine the merit of two
kind of pore size distributions. Apart from the cluster size, dispersion of active species,
reducibility and the nature of support, the reactivity of cobalt catalysts during F-T synthesis also

depends on the pore size and its bimodal distribution’.

A support with a distinct bimodal pore structure shows advantages in gas-solid catalysis
reaction because the large pores may provide pathways for rapid molecular transportation and
small pores may provide a large surface area contributing to high diffusion efficiency and
dispersion of supported metal simultaneously. As for supported cobalt catalyst, the bimodal pore
structure which contains large pores and small pores, not only are beneficial for the mass-transfer
of heavy hydrocarbon®’, but also contributes to a higher dispersion of supported cobalt crystallites
by the small pores, which enlarges the surface area of the catalyst. Furthermore, it is able to
diminish the diffusion resistance by its large pores. The bimodal catalysts show higher activity and
lower methane selectivity than single pore ones, which may contribute to the spatial promoted

10, 11

action of bimodal pore structure . However, the effects of different bimodal mesoporous

structure on Fischer Tropsch reaction are less studied.

In this work, a series of bimodal mesoporous supports were prepared by sol-gel method.
Supported bimodal Co-based catalysts with different bimodal mesoporous size distribution were
prepared by IWI method, and were appplied for F-T synthesis. We aim to investigate and disclose
the physicochemical properties and catalytic performances of bimodal mesoporous Co-based

catalyst in F-T synthesis.

2 Experimental

2.1 Synthesis of bimodal mesoporous supports and catalysts
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Cetytrimethyl Ammonium Bromide (CTAB) was purchased from Tianjin Guangfu Fine
Chemical Research Institute. Other chemicals were purchased from Shanghai Chemical Company.

All chemicals were of analytical grade and used without any further purification.

The bimodal mesoporous supports were prepared using CTAB as surfactant and sodium
silicate (Na,Si0;) as silicon source. The detailed prepared method of Co-based catalysts with

bimodal porous structure followed the procedure reported previously '>"

. In a typical synthesis,
19.6 g CTAB and quantitative 23 g Na,SiO; were dissolved in 350 ml distilled water at 80 °C.
After stirred for 30 min, certain proportion ethyl acetate was added dropwise. Then the suspension
was stilled for 5 h, aged at 90 °C for 48 h. The suspension was filtrated, dried in an oven at 60 °C
for 12 h, and finally the sample was calcined at the rate of 5 °C /min to 550 °C and hold for 6 h.
The obtained sample denoted as DM-1. The preparation procedure of DM-2, DM-3, DM-4 and

DM-5 were similar with that of DM-1, and the corresponding amount of Na,SiO; was 40 g, 52 g,

65 g and 81 g, respectively.

The preparation of catalyst was performed by incipient wetness impregnation (IWI) method.
At the beginning, the as-synthesized supports were added into the precomputed ethanol solution
containing cobalt nitrate hexahydrate, which was identical to the nominal loading of 15 wt%
cobalt (as metal Co). Then, the mixed solutions were stilled for 24 h at room temperature. Finally,
the samples were dried at 100 °C for 12 h and then calcined at 400 °C for 6 h with a ramp of 2 °C
min~' under the air atmosphere. The obtained different bimodal porous distribution Co-based
catalysts corresponding to above supports were denoted as Co/DM-1, Co/DM-2, Co/DM-3,

Co/DM-4 and Co/DM-5, respectively.
2.2 Characterization techniques
2.2.1 BET measurements

N, adsorption—desorption experiment was conducted at -196 °C with a ASAP-2000
Micromeritics instrument. Nitrogen isotherms were obtained in both adsorption and desorption
modes. The surface areas of supports and catalysts were determined by the BET method. The total
pore volume (TPV) was calculated from the amount of vapor adsorbed at a relative pressure (P/Po)

close to unity, where P and Po were the measured and equilibrium pressures, respectively. Pore
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size distribution curves were established from the desorption branches of the isotherm using the

BJH model. Before the analysis, the samples were outgassed at 120 °C for 12 h.
2.2.2 XRD

XRD patterns were recorded at room temperature by Rigaku D/max-RA instrument using
Cu-K radiation. The spectra were scanned at a rate of 2 degree/min in the range 26=20 ~ 80°. The
cobalt particle sizes were calculated by using the full width at half maximum (FWHM) value with
the help of Scherrer’s equation using the most intense reflexion at 20=36.9°. The crystallite phase
was estimated by the data of JCPDS.

The Co;04 particle sizes in the calcined samples were then converted to the corresponding
cobalt metal diameters in reduced catalysts by considering the relative molar volumes of Co” and
Co030; using the equation: d(Co”) = 0.75xd(Co30,). Then, the Co’ metal dispersions can be
calculated from the mean Co’ particle sizes assuming a spherical geometry of the metal particles
with uniform site density of 14.6 atoms/nm’ as described in ref. '* using D=96/d(Co"), where D is

the percentage dispersion and d(Co") is the mean particle size of Co” in nm.
2.2.3 Scanning electron microscopy

The morphology of the catalysts was determined by using a Hitachi-S-4800 scanning electron

microscope (SEM, Hitachi High-Technologies CO., Ltd.) operating at 2.0 ~10.0 kV.
2.2.4 Transmission electron microscopy

Transmission electron microscopy characterization of the samples was carried out by using a
FEI Tecnai G2 instrument. The samples were crushed in an agate mortar, dispersed in ethanol and

dropped on copper grids.
2.2.5 Temperature programmed reduction

The reduction behavior and the interaction between active phase and support of each catalyst
were examined by using temperature programmed reduction technique. The TPR experiments
were carried out with a Zeton Altamira AMI-200 unit. 50 mg samples were placed in a quartz
tubular reactor, fitted with a thermocouple for continuous temperature measurement. The reactor

was heated with a furnace designed and built to stabilize the temperature gradient and minimize
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the temperature error. Prior to the hydrogen temperature programmed reduction measurement, the
calcined catalysts were flushed with high purity argon at 150 °C for 1 h, and cooled down to 50 °C.
Then 10% H,/Ar was switched on and the temperature was raised at a rate of 10 °C min ' from 50
to 900 °C (hold 30 min). The gas flow rate through the reactor was controlled by three Brooks
mass flow controllers and was 30 cm’ min . The H, consumption (TCD signal) was recorded

automatically by a PC.
2.3 Catalytic performance

Catalyst Evaluation experiment. FTs reaction was performed in a fixed bed tubular reactor
(i.d. = 12 mm) at 2.0 MPa, 1000 h" and a H,/CO ratio of 2.0. About 2 ml fresh catalyst ( 60~80
mesh) was mixed with the same volume silica sand to minimize the temperature gradient and
reduced in a flow of hydrogen (GHSV=1000 h™) at 400 °C for 6 h and then cooled down to
ambient temperature before switching to premixed syngas. Data were taken at steady state after 48
h on-stream. The gas effluents were analyzed on-line by using Carbosieve-packed column with
TCD. The gas hydrocarbons were analyzed on-line using Porapack-Q column with flame
ionization detector (FID). Liquid products and wax were collected in a cold trap and a hot trap,
respectively, and were off-line analyzed on a GC-2010 chromatograph, which was equipped with
a 35 m OV-101 capillary column. 5% N, was added into syngas as an internal standard. The
carbon balance and mass balance were 100+£5%.

The catalytic performance of catalyst was evaluated by CO conversion(Xco) and Cs+

selectivity(Scs:) with the following equations.

__ Moles of CO reacted

Xco(%) = ——m =2 TR
CO( A’) Moles of CO supplied

% 100% 1

SCn(%) — Moles of Cn formed x 100% (2)

Moles of Cn reacted

Ss.(%) =1- 315 Sen 3)

3  Results and discussion

3.1 Texture of the samples
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Fig.1 N, physisorption curves of the supports (a) and corresponding catalysts (b)

The isotherms of nitrogen adsorption and desorption, and the corresponding pore size
distribution curves calculated using BJH method" of the supports and the corresponding catalysts
are displayed in Fig.1(a), (b). The isotherms of bimodal supports and catalysts exhibited classical
irreversible IV type adsorption isotherm with two separate and well expressed two distinct H;
hysteresis loops at relative pressures P/Po of 0.2-0.4 and 0.8-1 according to the IUPAC
classification. The first condensation step on the isotherm at 0.2-0.4 was similar to that for
common MCM-41 materials with markedly higher saturation sorption capacity, though not very
steep, which confirmed the mesoporous characteristics. The second condensation steps of the
bimodal mesoporous catalyst on the isotherm at P/Po> 0.8 were steeper than the first ones and the
hysteresis loops were wider. This indicated the presence of a significant amount of secondary
mesoporous pore structure'®.

The BET surface area, total pore volume and average pore diameter of the supports and
corresponding catalysts are presented in Tablel. As shown in Tablel, the bimodal catalysts all
displayed large specific surface area due to the smaller pores of about 2.4 nm produced during the
self-assembly process. Compared with the respective supports, the cobalt loaded catalysts showed
lower BET surface area, pore volume and smaller average pore size, but the change of pore size

distribution was not obvious. DM-1 support and Co/DM-1 catalyst showed the highest BET
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surface area, due to their smaller pore size than that of others. Table 1 also showed that after
loading with cobalt species, the BET surface areas were significantly reduced. This influence was
especially obvious to the catalysts Co/DM-1, which might be due to the blocking of the pores by
cobalt or a collapse of the pore structure'’. And it clearly showed a very narrow bimodal
mesoporous distribution. However, the data suggested that the pore structure of catalyst was not

completely destroyed and still present bimodal mesoporous structure, just like that of supports.

Table 1 Physico-chemical properties of the samples

Average
Surface Pore ) Crystalline ) i o
pore Pore size ) Dispersity Lossof  Reducibility”
Samples area Volume ) size *
5 3 diameter  (nm) % BET(%) (%)
(m7g)  (cm’/g) (nm)
(nm)
DM-1 1187.9 0.98 3.29 252 3.3
DM-2 649.2 1.49 9.15 247 9.56
DM-3 692.1 1.32 6.49 241 1131
DM-4 716.8 1.49 8.32 2.44 13.18
DM-5 744.1 1.52 8.18 2.38 1837
Co/DM-1 643.0 0.46 2.85 237 877 14.2 6.8 54.12 19
Co/DM-2 507.4 1.05 8.31 24 1121 223 43 78.15 47
Co/DM-3 483.2 0.96 7.58 2.39 1438 12.0 8.0 69.81 38
Co/DM-4 545.3 1.09 8.05 2.46 1843 19.7 49 76.07 43
Co/DM-5 527.1 1.01 7.63 245 2252 30.7 3.1 70.83 49

a,0Obtained by Scherrer equation d = k)\/cosB; b,Calculated by: D% = 96/d(nm); c,Calculated by TPR from 60 to 400 °C

3

-1
,em'g

dV/d(log D)

N W A OO N 00 ©
T

N

10 100
Pore size , nm

Fig.2 Curves of pore size distribution of the samples
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Fig.2 displays the pore size distribution of bimodal catalysts. It could be clearly observed the
obviously different bimodal mesporous distribution. As shown in Fig.2, the first pore was almost
indentical (about 2.5 nm), which was similar to that of common MCM-41 materials. However, the
second pores were different obviously, corresponding to 8 nm for Co/DM-1, 11 nm for Co/DM-2,

14 nm for Co/DM-3, 18 nm for Co/DM-4 and 22 nm for Co/DM-5, respectively.

3.2 Phase structure of the samples

Co/DM-1

Intensity, C.P.S.

10‘20‘30‘40‘50‘60‘70‘80
241()
Fig.3 XRD patterns of the Catalysts

The X-ray powder diffraction patterns of the bimodal-pore catalysts are presented in Fig.3,

and the average crystallite diameters of Co;0,, calculated by the Scherrer equation' (20 = 36.9°),
are listed in Table 1. For all the catalysts, different diffraction peaks at 20 of 31.4°, 36.9°, 44.8°,
59.4°, 65.2° were corresponding to the spinel Co;Oy crystalline phase (JCPDS no. 48-1719)'%2°.
With the variation of pore size, the size of Co;04 crystallite changed from 12.0 to 30.7 nm for the
bimodal porous catalysts. Clearly, Co/DM-3 had the smallest Co;0, crystallite size in these
samples, whereas the Co-DM-5 had the biggest one, this result was not consistent with the

literatures®, which showed that the crystallite diameter increased with the increase of pore size.

3.3 SEM of the samples
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Signal A = MPSE EMT = 10.00kV
Mag= 2000 K X WO= 8mm Voo M3 « Mo Vs Time 152149

Fig.4 SEM image of support DM-3 (a,b) and corresponding catalyst Co/DM-3 (c,d)

Fig.4 showed the SEM micrographs of the catalysts with bimodal mesoporous distribution.
SEM investigation provides a direct observation of the morphology and distribution of cobalt
particles in the support. The morphology of bimodal mesoporous support was of spheres with a
diameter about 2 um. The broken section showed the hollow structure of support, and the
thickness of shell was about 500 nm. A closer look at the surface of support from SEM revealed it
was composed by rough and mesoporous SiO, materials. Fig.4 ¢ and d displayed the presence of a
considerable number of small cobalt clusters (about 100 nm) and well homogeneous cobalt

distribution.

3.4 Transmission electron microscopy

To get a better understanding of the morphology and distribution of active species, TEM
analysis was conducted. As shown in Fig.5, the sphere support surface comprised loose
mesoporous materials, showing a rough surface. Combined with the pore size distribution curves,
TEM image of the catalysts presented two kind of pore structures, one was one-dimensional
straight pore channel structure, showing a hexagonal structure; the other a relatively larger pore
was accumulational pore with a disordered and worm-like structure. The TEM results showed that

cobalt species mainly dispersed in the two pore structure.
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Fig.5 TEM morphology image of Co/DM-2

3.5 Reduction behavior of the samples

Intensity , C.P.S.

Co/DM-3

Co/DM-2

DM-1
1

200 400 600 800
T,°C

Fig.6 H,-TPR curves of the catalysts
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The influence of bimodal pore size on the reduction behavior of the catalysts was studied by TPR.
Fig.6 shows the TPR profiles of the bimodal catalysts. The occurrence of multiple reduction peaks
indicated the presence of a number of reducible cobalt species. Obviously, all the TPR profiles showed
two major regions: a lower temperature region located between 250 and 400 °C and a higher
temperature region located between 550 and 800 °C. The TPR peaks in the temperature range of 250—
400 °C could be assigned to the two step reduction of Co;04 (Co;0,—~CoO—Co%)"* 2?2, The broad
peak between 550 and 800 °C was related to the reduction of cobalt oxide species (Co*+ and Co’+),
which interacted with the support and were difficult to be reduced® **. It could be seen that the low
temperature peak changed slightly except for the Co/DM-1 catalyst. As Table 1 shown, the catalyst
Co/DM-1 with the smallest second pore size and the smallest surface area loss showed the lowest
degree of reduction, while the catalysts of Co/DM-2, Co/DM-4 and Co/DM-5 showed similar
reducibility. This was consistent with what had previously reported that small particles in narrow pores
were more difficult to be reduced than larger particles in wide pores®. For all of the bimodal catalysts,
the peak at around 217 °C did not appear, which indicated the interaction of cobalt salt and support
became weaker and all of the cobalt nitrate precursor decomposed completely after calcination. Clearly,

that was obviously different with mono-modal catalyst that had been reported previously 2°.

3.6 Fischer-Tropsch synthesis reaction behavior
The catalytic performances of Co-based catalysts with different bimodal pore size distributions are
listed in Table 2. It should be noted that all of the catalytic data were collected after 48 h on stream,

when a steady state for the formation of the product was obtained.

3.6.1 Activity of bimodal catalysts

The activity and selectivity results for F-T synthesis are listed in Table 2. Many studies of F-T
synthesis had suggested that the pore size of support could significantly affect the F-T reaction rate and
hydrocarbon selectivity’®*® . As shown in Fig.7, all bimodal porous catalysts present that with the
increase of reaction temperature, the activity increased. This was because with the increase of reaction
temperature, the energy of reactant enhanced, accordingly, the probability of collision of active sites
increased, which promoted the conduct of reaction. Also, it could be seen from Table 2, under the same
reaction temperature, that the Co/DM-5 catalyst with wider bimodal pore distribution showed the

highest CO conversion, about 79%, which was better than that of Co/DM-1 and Co/DM-2. The low
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activity on Co/DM-1 catalyst could be related to the small cobalt crystallite size, which resulted in the
strong interaction between active species and support and low reducibility of cobalt species. In addition,
as the BET result shown, the narrow bimodal pore distribution also caused more collapse and blocking
pore, which hindered reactants to approach the active sites, leading to lower CO conversion rates.
Meanwhile, the Co/DM-5 catalyst showed the high catalytic activity, maybe due to its larger particle
size and high reducibility. From the obtained results, we could deduce that CO conversion increased
with the increase of bimodal pore size. That was to say, the bimodal catalysts with larger second pore
showed higher activity than that with smaller one, under the condition of the same first pore size, which

was like the single pore structure catalysts'> .

100

90 -
80 *

. T0F

< U

- 60|

Q s0f A

3 %0r —1— Co/DM-1

X 40r —e— Co/DM-2
30 o« 4A— Co/DM-3
20k —«— Co/DM-4
10 [ —*— Co/DM-5

1 n 1 n 1 n 1 n 1 n 1
210 220 230 240 250 260
T,°C
Fig.7 Relationship between reaction temperature and activity

Table 2 Activity and selectivity of different bimodal porous catalysts for Fischer-Tropsch synthesis

c X(CO) Distribution of hydrocarbons / (%)

“ %) C Cou Cs.i Cios Cs.is Cs+ Ciot
Co/DM-1 335 6.8 5.0 24.1 37.6 61.7 88.2 26.5
Co/DM-2 30.2 6.9 7.0 23.1 325 55.6 86.1 30.5
Co/DM-3 72.8 7.9 1.6 24.7 28.1 52.8 90.5 37.7
Co/DM-4 61.7 15.7 12.4 27.6 31.0 58.6 71.9 13.3
Co/DM-5 79.0 9.9 10.5 31.1 344 65.5 79.6 14.1

Reaction conditions: n(H,)/n(CO) =2.0, GHSV = 1000 h™', p = 2.0 MPa, T=230 °C

3.6.2 Product selectivity of bimodal catalysts

Generally, support effects on the product selectivity were more complicated than on the activity.
The pore size was one of the key factors for the catalyst performance, and it affected the size of cobalt
oxide particles, the mass transfer of reactants and products, the re-adsorption of a-alkene, and the

chemisorption ratio of H, and CO on the surface active sites. Moreover, the bimodal mesoporous
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catalysts were favor to the re-adsorption of a olefin>*

, chain increasement and production distribution,
which increased the selectivity of middle distillate.

Table 2 displays the activity and selectivity of different bimodal porous catalysts were markedly
depending on their pore structure. The bimodal mesoporous catalysts showed a low methane selectivity,
but when the pore size increased to an extent, the methane selectivity decreased again. This indicated
that the catalysts with smaller pore showed the lower methane selectivity.

Considering product distributions for the five bimodal porous catalysts, we focused on the lager
pores since these catalysts had similar smaller pores of around 2.4 nm in average pore size. F-T
synthesis reaction was a complex reaction; and there were many factors that affected the product
selectivity. It could be seen from Table 2, under the same reaction temperature, the Cs+ selectivity of
all catalysts presented volcano curve, and the Co/DM-3 catalyst with an appropriate pore size of 2.5
and 14 nm showed the highest Cs+ selectivity. This result was likely due to the suitable bimodal
mesoporous structure, which enhanced the facile dissociation of CO and diminished the diffusion
resistance, and favored chain-growing process of intermediates to further generate heavy
hydrocarbons®’. Moreover, it could be clearly seen from Fig.8, the heavy hydrocarbon selectivity of
catalysts with large second pore size was lower than that with narrow second pore. This phenomenon
might be ascribe to the cracking of heavy hydrocarbon, and it also showed large pore channel favored
the desorption and diffusion of production, and the mass transportation was easy to conduct, which was
consistent with the report’. In addition, the catalyst with larger second pore size showed higher middle
distillate selectivity, especially Co/DM-5 catalyst showed higher Cs_j5 selectivity, about 65%. Based on
the obtained characterization and catalytic performance result, the high Cs_j5 selectivity of Co/DM-5
catalyst was likely due to its larger mesoporous size, which could favor the desorption and diffusion of

reactants and production.
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Fig.8 Relationship of Cs+ selectivity and activity

4  Conclusions

Characterization and catalytic performance results showed that the support with bimodal
structure influenced strongly the structure, the reducibility and the F-T catalytic performance of
bimodal mesoporous cobalt catalysts. Catalytic results showed the bimodal catalysts with larger
second pore showed higher activity, methane selectivity and lower heavy hydrocarbon selectivity than
that with smaller ones, under condition of the same first pore size. Especially Co/DM-5 catalyst with a

bimodal 2.5 and 22 nm pore size distribution presented higher Cs_j5 selectivity, about 65%.
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