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Environment for the Direct Synthesis of Middle Isoparaffins from Syngas
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Introduction

The Fischer–Tropsch synthesis (FTS) reaction, described by
Fischer and Tropsch in 1923,[1] is a process which yields hy-
drocarbons from syngas (CO/H2). The advantages of FTS
products over conventional petroleum-derived products are
their sulphur-free, aromatic-free, and nitrogen-free proper-
ties.[2–7] This makes the FTS products ideal candidate for
fuel preparation, as well as starting material to other chemi-

cals. With the technological development of producing
syngas from a great variety of sources, such as coal, natural
gas, and biomass,[8] the FTS process is becoming more prom-
ising.[9] However, all FTS products are normal aliphatic hy-
drocarbons and their distribution follows the Anderson–
Schultz–Flory (ASF) law. It is difficult to selectively obtain
hydrocarbons with a narrow, specified carbon number distri-
bution from the FTS reaction,[10,11] unless an additional pro-
cedure is employed, such as addition of 1-olefin, or in super-
critical phase reaction media.[12–14] Furthermore, FTS prod-
ucts are normal hydrocarbons, which are suitable as diesel
fuel only. In order to be used as gasoline, they must further
be hydrocracked and isomerized to branched, light hydro-
carbons in a separate reaction. Therefore, it is of great in-
dustrial interest to design hybrid catalysts for the FTS reac-
tion to directly produce hydrocarbons of certain carbon
number distribution and with a branched structure at the
same time. Several groups have tried to synthesize isoparaf-
fins by utilizing FTS catalysts made of metal supported on
zeolites.[15–17] These catalysts, however, suffered from very
low CO conversion for their extremely low reduction degree
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originated from the strong interaction between the metal
and zeolite.
It is well known that zeolites have special pore struc-

tures.[18–20] At the same time, zeolites are also good hydro-
cracking/hydroisomerization catalysts due to its acidic prop-
erties.[21] Recently we reported that when a hybrid catalyst
of mechanically mixed zeolite and Co/SiO2 FTS catalyst was
used in single or dual step FTS reaction, the formation of
short-chain isoparaffins was enhanced while that of long-
chain hydrocarbons was suppressed.[22–24] We designed a new
catalyst by coating a zeolite membrane directly onto the sur-
face of FTS Co/SiO2 pellet termed “capsule catalyst”.

[25]

Syngas passed through the zeolite membrane to reach the
Co/SiO2 catalyst and all hydrocarbons subsequently formed
must enter the zeolite channels to be hydrocracked and iso-
merized. The structure of this newly designed catalyst was
studied thoroughly with physicochemical characterization
methods and its catalytic performances were tested and
compared with those of the conventional Co/SiO2 catalyst
and the mechanical mixture catalyst.

Results

Structure of the capsule catalysts : The structural and chemi-
cal properties of the capsule catalysts are summarized in
Table 1. The surface area of the Co/SiO2 dropped from
323.0 m2g�1 (SiO2) to 269.8 m

2g�1 because of the impregna-
tion and calcinations procedure, while it slightly increased
after the coating of H-ZSM-5 membrane. The weight of the
H-ZSM-5 membrane increased with the crystallization time.
Accordingly, the surface area increased while the pore
volume decreased with the crystallization time. For smaller
pellet size, the H-ZSM-5 membrane was coated easier, as in-
dicated in the weight increment of the Co/SiO2-Z-M and
Co/SiO2-Z-S samples even with only one day of synthesis.
The pure H-ZSM-5 had larger specific surface area
(432.5 m2g�1) and smaller pore volume (0.38 cm3g�1) than
SiO2, and these properties determined the increased surface
area and the decreased pore volume of H-ZSM-5 coated
catalysts.
The XRD patterns of these samples are shown in

Figure 1. Peaks of H-ZSM-5 and Co3O4 can be distinguished
clearly. The Co3O4 particle size was similar for all catalysts,
including the precursor Co/SiO2 catalyst, as listed in Table 1.
This indicates that the membrane coating process did not

affect the Co cluster size on the SiO2 surface. The peak in-
tensity of zeolite increased with the crystallization time,
which also proved that the zeolite-loading amount increased
with the crystallization time. On the patterns of Co/SiO2-Z-
M and Co/SiO2-Z-S (Figure 1f and g), the ratio of the first
two peaks (around 108) of H-ZSM-5 was different from that
of pure H-ZSM-5 (Figure 1h). It seems that the crystalliza-
tion of H-ZSM-5 on the SiO2 substrate with smaller pellet
size was anisotropic.[26]

The surface acidity of the samples was tested by NH3-
TPD and the total NH3 uptakes on samples are listed in
Table 1. The NH3 uptake on pure H-ZSM-5 was
281 mmolg�1. The trace amount of ammonia uptake on Co/
SiO2 catalyst suggests that there were few acidic sites. The
TPD profiles are shown in Figure 2. Two desorption peaks
are clearly observed on pure H-ZSM-5 (Figure 2d); the
peak close to 353 K is attributed to the physically adsorbed
NH3, and the other in the 623–643 K range is related to the
acidic sites on the zeolite surface.[27–29] The capsule catalysts
give two desorption peaks at the similar temperature range
and the peak intensity increases with the crystallization
time. The capsule catalyst prepared from the small SiO2
pellet showed the largest ammonia uptake. The amount of
adsorbed NH3 increased linearly with the zeolite loading, as
shown in Figure 3, indicating that the properties of the
acidic site were the same despite of the changed crystalliza-
tion time, but the amount of the acidic site increased with

the crystallization time.
Figure 4 shows the SEM

images of the external surfaces
of the Co/SiO2 FTS catalyst and
the capsule catalyst Co/SiO2-Z-
2. The H-ZSM-5 crystallites can
be clearly observed on the cap-
sule catalyst. The surface ele-
mental analysis by EDX in
Figure 5 confirmed the integrity
of the zeolite membrane on the

Table 1. Morphological and chemical properties of the capsule catalysts.

Sample Surface
area

ACHTUNGTRENNUNG[m2g�1]

Pore
volume
ACHTUNGTRENNUNG[cm3g�1]

Weight increment
after zeolite
coating [%]

NH3
uptake

[mmolg�1 cat.]

Size of Co3O4
crystalline
[nm]

Co/SiO2 269.8 1.024 0 9.3 12
Co/SiO2-Z-1 275.3 0.529 11.5 47.0 11
Co/SiO2-Z-2 286.1 0.406 17.2 56.8 12
Co/SiO2-Z-7 310.9 0.282 24.3 76.4 13
Co/SiO2-Z-M 358.6 0.202 29.1 102.4 13
Co/SiO2-Z-S 372.6 0.178 29.6 105.2 13

Figure 1. XRD patterns of the samples. a) Co/SiO2; b) Co/SiO2-Z-X;
c) Co/SiO2-Z-1; d) Co/SiO2-Z-2; e) Co/SiO2-Z-7; f) Co/SiO2-Z-M; g) Co/
SiO2-Z-S; h) H-ZSM-5; *: H-ZSM-5, &: Co3O4.
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Co/SiO2 pellet. On the Co/SiO2 surface, CoKa and CoLa
peaks were clearly detected; while on Co/SiO2-Z-2, there

was no signal of Co, suggesting that there was no pinhole or
crack in the zeolite membrane. The SiO2/Al2O3 ratio from
the EDX analysis was 88.
Figure 6 shows the SEM images and the radial elemental

analysis of the section of the capsule catalyst pellets. A com-
pact H-ZSM-5 shell can be clearly observed crystallizing on
the surface of Co/SiO2 substrate. At the interface between
the Co/SiO2 substrate and the H-ZSM-5 membrane, the
radial distribution of Si dropped suddenly while that of Al
increased slightly, which indicates a change from the SiO2 to
the H-ZSM-5 phase. However, the Al composition was not
zero inside the Co/SiO2 substrate, which confirms that the
H-ZSM-5 entered the pores of the Co/SiO2. The same phe-
nomena are found on all three samples with varied crystalli-
zation time. The membrane thickness was measured as 2.3,
7.6, and 23.1 mm for crystallization of 1, 2, and 7 days, re-
spectively. From the Si signal intensity distribution inside
the zeolite shell as shown in Figure 6a–c, Co/SiO2-Z-7 exhib-
ited a flatter line than the other two catalysts, indicating
that longer synthesis time in zeolite preparation was benefi-
cial to obtain a membrane with uniform structure. From the
SEM images and the radial elemental analysis, we can also
draw the conclusion that the thickness of H-ZSM-5 shell can
be controlled by the crystallization time.
The experimental results above confirmed that a compact

H-ZSM-5 membrane without cracks was directly synthesized
on the surface of all Co/SiO2 pellets by hydrothermal
method.

FTS reaction of capsule catalysts : The catalytic performance
of the pure Co/SiO2, the mechanically mixed Co/SiO2-Z-X,

Figure 2. NH3/TPD profiles of the H-ZSM-5 zeolite and the capsule cata-
lysts. a) Co/SiO2-Z-1; b) Co/SiO2-Z-2; c) Co/SiO2-Z-7; d) H-ZSM-5.

Figure 3. Relationship between the NH3 uptake and the weight of the
zeolite membrane.

Figure 4. SEM images of the external surface of the Co/SiO2 pellet and
the capsule catalyst pellet, and the EDS analysis result. a) Co/SiO2;
b) Co/SiO2-Z-2.

Figure 5. Elemental composition of the external surface of the Co/SiO2
pellet and the capsule catalyst pellet from EDX analysis. a) Co/SiO2;
molar ratio: Al 0.00%, Si 90.66%, Co 9.14%; b) Co/SiO2-Z-2; molar
ratio: Al 2.21%, Si 97.79%, Co 0.00%.
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and the capsule catalysts was tested and the results are pre-
sented in Table 2. The product distributions on these cata-
lysts are shown in Figures 7 and 8. The CO conversion, CH4
and CO2 selectivity of the mechanically mixed Co/SiO2-Z-X
were almost the same as those of the pure Co/SiO2, al-
though significant amounts of isoparaffins and olefins were
formed. From Figure 7, it can be seen that the Co/SiO2-Z-X
gives a more narrow product distribution. The waxy product
from the conventional FTS catalyst, which remains on the
surface of the catalysts, was subjected to the secondary reac-
tions of isomerization and hydrocracking on the acidic sites
of the zeolite, and subsequently converted to lighter hydro-
carbons containing isoparaffins. The sequential isomeriza-
tion and hydrocracking reactions on the zeolite reduced the
selectivity of the long-chain paraffins and remarkably en-
hanced the selectivity of the light isoparaffins. However,
there were still heavy paraffins formed on the mechanically
mixed Co/SiO2-Z-X, distributed until C20.

All three capsule catalysts with a hydrothermal time of 1,
2, and 7 days showed a similar CO conversion, which was
about 10% lower than that of Co/SiO2 or Co/SiO2-Z-X. The
slightly lower activity is ascribed to the coverage of a part of
the Co active sites by the zeolite coating. The zeolite mem-
brane might restrict the adsorption of CO and H2 onto the
active Co sites to some extent. However, the activity did not
decrease with the increased thickness of the zeolite coating,
which indicates that the rate-controlling step was not the
diffusion of the syngas through the zeolite membrane, but
the FTS reaction itself on the Co sites, at least under the
present reaction conditions, especially the reaction tempera-
ture. Nevertheless, it is difficult to exclude the possibility
that small zeolite pore might lower the diffusion rate of the
syngas reaching the core FTS catalyst. The methane selectiv-
ity was higher on the capsule catalysts and it increased with
the zeolite membrane thickness. Because H2 diffuses more
quickly than CO, especially inside small pores or channels,

Figure 6. Cross-sectional SEM images and the radial elemental distribution of Al and Si by the EDX analysis. a) Co/SiO2-Z-1; b) Co/SiO2-Z-2; c) Co/
SiO2-Z-7.

Figure 7. Product distributions on the pure Co/SiO2 and the mechanically
mixed Co/SiO2-Z-X catalysts at 533 K. In each carbon number group,
left: pure Co/SiO2, right: Co/SiO2-Z-X; &: n-paraffin, &: isoparaffin, \\\
olefin.

Figure 8. Product distributions on the capsule catalysts with varied crys-
tallization time. In every data group, left: 1 d, middle: 2 d, and right: 7 d;
&: n-paraffin, &: isoparaffin, \\\ olefin.
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the lower diffusion efficiency of CO led to a high H2/CO
ratio in the interior part of the catalyst pellet, which might
increase methane selectivity.[30] The selectivity of isoparaf-
fins as well as olefins increased with zeolite thickness. The
isoparaffins selectivity on the Co/SiO2-Z-7 was remarkably
higher than that on the Co/SiO2-Z-X, although the zeolite
content in both catalysts was similar: 24% zeolite in the Co/
SiO2-Z-7, and 20% zeolite in the Co/SiO2-Z-X.
In order to test the effect of reaction temperature, FTS

was carried out on the Co/SiO2-Z-1 and Co/SiO2-Z-2 sam-
ples under 513, 523, 533, 543, and 553 K, respectively. The
results are shown in Table 3 and the product distributions

are shown in Figures 9 and 10. The CO conversion, CH4 and
CO2 selectivity on the capsule catalyst increased with tem-

perature. After desorption from
the Co sites on the SiO2 sur-
face, the hydrocarbons under-
went isomerization and hydro-
cracking reaction at the acidic
sites of H-ZSM-5. At elevated
temperature, the isomerization
reaction was accelerated, conse-
quently the isoparaffins in-
creased. It is obvious that the
elevated temperature favoring
light hydrocarbons is due to the
accelerated hydrocracking on

zeolite and the decreased chain growth probability of the
FTS itself. From Table 3, it is also interesting that the olefin
selectivity is decreasing with higher reaction temperatures.
Figure 11 shows the product distributions of the two cata-

lysts prepared from middle and small-size Co/SiO2 pellet.
Compared with the results of the Co/SiO2-Z-1 catalyst,
which was also crystallized for one day, the membrane was
easier to coat onto the smaller-size pellet and resulted in a
higher isoparaffin/n-paraffin ratio as shown in Table 2. This
indicates that the pellet size of the core catalyst had a strong
effect on the capsule catalyst property. The modification of
either or both the membrane catalyst and the core catalyst,

or optimizing the reaction con-
dition might further enhance
the catalytic activity and selec-
tivity of the capsule catalysts.

Discussion

Analysis of the designed struc-
ture of the tailor-made capsule
catalyst : In the capsule catalyst,
the zeolite mainly consisting of
silica has enough affinity to the
silica surface of the Co/SiO2
substrate. It can be assumed

that the Si-O-H groups from the Co/SiO2 surface and the
zeolite combined to form Si-O-Si bonds, anchoring the zeo-

Table 2. Effect of the zeolite crystallization time, and the Co/SiO2 pellet size on the catalytic performance of
the capsule catalysts.[a]

Sample CO conversion [%] CH4 selectivity [%] CO2 selectivity [%] Ciso/Cn
[b] C=/Cn

[c]

Co/SiO2 98.4 15.7 10.6 0 0.28
Co/SiO2-Z-X 93.6 16.9 8.0 0.49 1.09
Co/SiO2-Z-1 83.6 22.7 10.0 0.37 0.14
Co/SiO2-Z-2 85.5 31.3 10.2 0.73 0.51
Co/SiO2-Z-7 86.1 37.4 7.0 1.88 1.35
Co/SiO2-Z-M 91.5 24.3 10.4 1.21 0.85
Co/SiO2-Z-S 89.1 22.4 6.9 0.74 0.63

[a] Reaction conditions: 533 K, 1.0 MPa, WCo/SiO2/F=10 ghmol
�1, H2/CO=2/1. [b] Ciso/Cn is the ratio of isopar-

affin to n-paraffin of C4+ . [c] C
=/Cn is the ratio of olefin to n-paraffin of C2+ .

Table 3. Effect of the reaction temperature Tr on the catalytic performance of the capsule catalysts.
[a]

Sample Tr [K] CO conversion [%] CH4 selectivity [%] CO2 selectivity [%] Ciso/Cn C=/Cn

Co/SiO2-Z-1 513 70.6 15.9 3.9 0.32 0.23
523 73.1 17.5 4.0 0.37 0.26
533 83.6 22.7 10.0 0.37 0.14
543 94.7 34.2 21.8 0.44 0.08
553 97.1 38.2 24.4 0.44 0.04

Co/SiO2-Z-2 513 71.1 25.3 5.3 0.30 0.37
523 84.5 28.1 9.5 0.56 0.50
533 85.5 31.3 10.2 0.73 0.51
543 98.8 44.3 28.1 0.78 0.14
553 99.8 51.8 30.9 0.77 0.15

[a] Reaction conditions: 1.0 MPa, WCo/SiO2/F=10 ghmol
�1, H2/CO 2:1.

Figure 9. Product distributions on Co/SiO2-Z-1 catalyst at varied reaction
temperature. From left to right in every data group, the reaction temper-
ature increased from 513 to 553 K, at 10 K intervals; &: n-paraffin, &: iso-
paraffin, \\\ olefin.

Figure 10. Product distributions on Co/SiO2-Z-2 catalyst at varied reac-
tion temperature. From left to right in every data group, the reaction
temperature increased from 513 to 553 K, at 10 K intervals; &: n-paraffin,
&: isoparaffin, \\\ olefin.
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lite membrane enveloping the Co/SiO2 core. Of course the
Al-O-Si bonds were also possible to increase the strength of
combination between the zeolite shell and the Co/SiO2 core.
As in Figure 6, small amounts of Al entered the Co/SiO2
core, indicating that some part of the zeolite membrane
formed inside the pores of Co/SiO2 catalyst and strength-
ened the combination. Luckily, Al2O3 is also widely used as
cobalt FTS catalyst support and has no negative effect on
FTS catalyst even if coexists with silica.
To check the stability of the core-shell structure of the

capsule catalyst, we used ultrasonic experiments (0.5 kW,
6 h, 5 g catalyst dispersed in 30 mL water) to test the stabili-
ty of the obtained capsule catalyst and found that the struc-
ture of the capsule catalyst was still maintained and separa-
tion of the membrane from the core was not observed. Con-
sidering the thin and delicate structure of the zeolite mem-
brane, we only used a fixed bed reactor. The catalyst is
probably not suitable for slurry phase or fluidized bed reac-
tor.
Figure 4b shows Co/SiO2-Z-2 where the catalyst was hy-

drothermally treated for two days. As in Figure 6b, the
thickness of this Co/SiO2-Z-2 was 7.6 mm. Thickness of
2.3 mm was for Co/SiO2-Z-1 where the catalyst was hydro-
thermally treated for one day. It can not be expected that
the whole zeolite membrane formed as a single crystal. The
membrane here was built up by zeolite crystals with the size
of 1–5 mm. As depicted in Figure 6, longer hydrothermal
synthesis times favored the formation of ZSM-5 membranes
with a more uniform structure although the pellet size of
the core Co/SiO2 was also important. As shown in Tables 1
and 2 as well as Figure 11 the time of membrane coating de-
screased with smaller Co/SiO2 pellets.
If the zeolite membrane is very thick, the diffusion rate of

syngas will be lowered as the zeolite pore is not large. On
the other hand, if the zeolite membrane is very thin, the
amount of acidic sites is so limited that the rate of hydro-
cracking and isomerization will be lowered. The membrane
thickness may be optimized, and depends on the rate bal-
ance between the FTS and the hydrocracking/isomerization,
reaction temperature, zeolite type, and so on.

Effect of the space-confined reaction environment on FTS :
The capsule catalysts gave completely different product dis-
tribution compared with normal FTS catalysts. Not only is
the product distribution deviant from the ASF law, but also
the heavy paraffins of C11+ were completely suppressed.
The product distribution of the mechanical mixture did not
follow the ASF law as well, but there were still C11–C20
products. This difference was caused by the unique core-
shell structure of the capsule catalyst. For the mechanical
mixture of Co/SiO2-Z-X, there was no spatial restriction be-
tween the two reactions of FTS and hydrocracking/isomeri-
zation. The hydrocarbons desorbed from the FTS site might
leave the catalyst directly without undergoing cracking on
the zeolite sites. With the capsule catalyst structure, all hy-
drocarbons with straight-chain molecular structure could
enter the zeolite channels and be cracked at the acidic sites
of zeolite. Since the hydrocarbon diffusion rate in the zeolite
membrane depends on the chain length, the longer the
chain length, the longer the hydrocarbons will stay inside
the zeolite and the higher the chance that they will be
cracked as illustrated in Figure 12.

Furthermore, compared with conventional membrane re-
actors, the capsule catalyst has larger membrane area per
unit reactor volume. This property was also the reason for
the high selectivity of the isoparaffin on the capsule catalyst,
besides its core-shell structure. Of course, with this catalyst
preparation the difficulties of preparing large-area mem-
brane without aperture or cracking can be avoided.[31]

Even if the isoparaffin obtained has a larger steric hin-
drance than its linear analogue, all cracked products have
smaller molecular weights and diffuse through the zeolite
channels quickly to the outer surface. Furthermore, the con-
centration of linear FTS paraffins at the entrance of the zeo-
lite channel at the inner surface of membrane was signifi-
cantly higher than that at the channel entrance of the outer
surface, this concentration gradient was a driving force to
push the lighter cracked products to the outer surface, even
if the cracked products were branched by isomerization and/
or hydrocracking.
Olefins also formed to some extent in the FTS reaction

on the capsule catalysts. It can be assumed that if the olefin
is hydrogenated, the isoparaffin selectivity can be enhanced
furthermore. In Table 3, the olefin selectivity was lowered at
higher reaction temperatures as the olefin formed can be
readsorbed onto cobalt sites to be hydrogenated, especially

Figure 11. Product distributions on the capsule catalysts of 1 day crystalli-
zation with different pellet size of the Co/SiO2 precursor. In every data
group, left: 0.38–0.50 mm, and right: 0.18–0.25 mm; &: n-paraffin, &: iso-
paraffin, \\\ olefin.

Figure 12. Schematic image of the reaction procedure on the capsule cat-
alyst.
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at higher temperatures. Consequently, higher Ciso/Cn ratio
and lower C=/Cn ratio was obtained at higher temperatures;
this proves that a large amount of branched olefins was in-
cluded in the olefin. Higher temperatures will increase the
CH4 selectivity in FTS, while lowering the selectivity of total
heavier hydrocarbons. Alternatively it is possible to intro-
duce Pd or Pt species to the ZSM-5 membrane to selectively
hydrogenate olefin, including branched olefins at lower tem-
perature. Meanwhile, the introduction of Pd or Pt might sta-
bilize the zeolite activity and decrease the coke formation
effectively through the spillover effect, which will be dis-
cussed below.

Stability and reaction characteristics of the capsule catalyst :
The conventional gas-phase Fischer–Tropsch synthesis (FTS)
requires an induction period to reach steady-state conditions
because of its polymerization character. The waxy hydrocar-
bons accumulate on the FTS catalyst surface and deactivate
the catalyst. While on the capsule catalyst, the zeolite mem-
brane can decompose the waxy products in situ, the steady
state is reached faster. Also, the temperature control in the
conventional gas-phase FTS is another problem which dis-
turbs the steady state as the FTS is an exothermal reaction.
Luckily, on the capsule catalyst the exothermal FTS and the
endothermic hydrocracking of linear FTS hydrocarbons are
integrated as a consecutive reactions mode. Hydrocracking
reactions can absorb in situ FTS reaction heat, which leads
to a quick arrival of the steady state. The 100 h reaction test
is shown in Figure 13 where the CO conversion, iso-to-

normal ratio, olefin-to-paraffin ratio, the methane and CO2
selectivity were stable during the entire experimental
period. Another possibility of the zeolite membrane stability
may come from the metallic cobalt at the core FTS catalyst,
as the supported cobalt particles exist very closely to the
zeolite membrane with intimate contacts in the capsule cata-
lyst. It is deduced that cobalt here might also activate gas-
eous hydrogen to stabilize the catalytic activity of the zeo-
lite, acting similarly to Pd in Pd/SiO2 + zeolite mixed cata-
lyst system.[32]

Concerning the increased methane selectivity, as men-
tioned above, the diffusion rate of H2 is faster than that of

CO; also, a higher H2/CO ratio might appear after the
syngas passed through the zeolite channel, leading to higher
methane selectivity in the core Co/SiO2 FTS catalyst inside
capsule catalyst. Furthermore, the 1-olefin from hydrocrack-
ing of FTS normal paraffin seems to be cracked easily to re-
lease methane at acidic sites.[33]

Even after longer reaction times, the capsule catalyst did
not change its color and the carbon balance remained be-
tween 98–102%. The surface chemical composition of the
used capsule catalyst was analyzed by EDX, and it was
found that the carbon signal was very low and negligible.
The thermal gravimetry analysis was conducted for the

fresh and used capsule catalysts and the results are shown in
Figure 14. The weight loss below 400 K should be from the
water removal. The weight loss above 500 K is due to the
coke combustion. Curve C is for the used Co/SiO2 catalyst
without zeolite where waxy hydrocarbons accumulated
heavily. Curve B is very flat, indicating the zeolite decom-
posed the waxy products efficiently. From the slight differ-
ence between curve A of the fresh capsule catalyst and
curve B of the used capsule catalyst, it is clear that the
carbon deposition on the used Co/SiO2-Z-7 capsule catalyst
is negligible and practically did not influence the stability of
the capsule catalyst even after working for 100 h.

Conclusion

By the improved hydrothermal synthesis method, the H-
ZSM-5 membrane was successfully coated onto the Co/SiO2
catalyst pellet to form a new kind of capsule catalyst. With
the increase of the crystallization time, the zeolite loading
increased, and so did the membrane thickness. Although the
total CO conversion on these capsule catalysts was slightly
lower, they exhibited a better selectivity for light hydrocar-
bon synthesis, especially for isoparaffin synthesis from
syngas than the mechanical mixture of the catalyst. The for-
mation of long chain hydrocarbons of C11+ was suppressed
completely by the zeolite membrane in this confined reac-
tion environment. Smaller pellet size of the core Co/SiO2
catalyst significantly improved the catalytic properties of
this novel capsule catalyst. The combination of the two se-

Figure 13. Reaction performance of 100 h continuous FTS using Co/SiO2-
Z-7. Standard reaction conditions; temperature: 533 K; * CO conversion,
&: Ciso/Cn, *: C

=/Cn, ~: CH4 selectivity, CO2 selectivity.

Figure 14. Weight loss of thermal gravity curves of different catalyst.
a) fresh Co/SiO2-Z-7; b) used Co/SiO2-Z-7 after 100 h reaction; c) used
Co/SiO2 catalyst after 6 h.
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quential reactions by the capsule catalyst, a new reaction en-
vironment with spatial selectivity and shape selectivity may
open a wide industrial application for the heterogeneous
catalysis process.

Experimental Section

Catalyst preparation : The conventional Co/SiO2 FTS catalyst was pre-
pared by incipient wetness impregnation method. Silica (Cariat Q-10,
Fuji Silysia Chemical Ltd., specific surface area 323.0 m2g�1, pore volume
1.03 cm3g�1, mean pore diameter 10 nm), with three different pellet sizes
of 0.85–1.7 mm (large), 0.38–0.50 mm (middle), and 0.18–0.25 mm
(small), was used as support. The aqueous solution of CoACHTUNGTRENNUNG(NO3)2·6H2O
with appropriate concentration was used to yield 10 wt% Co loading in
all samples. The catalyst precursors were dried in air at 393 K for 12 h,
and then calcined in air at 673 K for 2 h.

The H-ZSM-5 membrane was synthesized in the solution of deionized
water and ethanol, with TPAOH (tetrapropylammonium hydroxide) as
template, Al ACHTUNGTRENNUNG(NO3)3·9H2O and TEOS (tetraethyl orthosilicate) as Al and
Si sources, respectively, with a SiO2/Al2O3 ratio of 80:1. The molar ratio
of the reactant was: TPAOH/Al ACHTUNGTRENNUNG(NO3)3/TEOS/EtOH/H2O
0.25:0.025:1:4:60. Firstly, TEOS, TPAOH, ethanol and water were added
into a 100 mL Teflon tank. The Al ACHTUNGTRENNUNG(NO3)3·9H2O was carefully added to
the mixture solution, which was stirred at 333 K for 2 h until a lucid sol
was formed. After the Co/SiO2 pellet was added into the sol, the tank
was capped and set in the hydrothermal synthesis equipment (DRM-
420DA, Hiro Company, Japan). The crystallization of the zeolite was car-
ried out at 453 K and a rotation speed of 10 rpm for 1, 2, and 7 d, respec-
tively, to test the effect of crystallization time on the membrane structure.
Finally, the coated catalyst was separated from the synthesis solution and
dried at 393 K for 12 h, followed by calcination at 773 K for 5 h. The cat-
alysts were designated as Co/SiO2-Z-(n), where last number refers to the
crystallization time in days with Co/SiO2 substrate with large pellet size.
X refers to the mechanical mixture of H-ZSM-5 and Co/SiO2, with a
weight ratio of (Co/SiO2):H-ZSM-5 = 4:1. M and S mean that the capsu-
le catalysts were prepared from Co/SiO2 with middle and small pellet
size for 1 d. The pure H-ZSM-5 was also synthesized by the same
method without the addition of the Co/SiO2 substrate for 1 d. All the
chemicals were supplied by Wako Pure Chemicals Ltd., if not indicated
specifically.

Catalyst characterization : The specific surface area and the pore volume
of the samples were determined by N2 adsorption at 77 K using an auto-
matic gas adsorption system (Quantachrome, Autosorb-1, Yuasa Co.).
Prior to measurements, the samples were degassed at 573 K and 3.0 Pa.

The morphology of the samples was investigated with a scanning electron
microscopy (SEM) equipped with an energy-diffusive X-ray spectroscopy
(EDX) attachment (JEOL JSM-6360LV), which could simultaneously
provide the surface elemental composition information. The catalyst was
pre-coated with Pt before introduced into the vacuum chamber.

The XRD patterns were obtained on a RINT 2400 powder diffractometer
(Rigaku Co.) in a step mode employing CuKa radiation (l=0.154 nm).
The X-ray tube was operated at 40 kV and 40 mA. The mean crystalline
size of Co3O4 was calculated based upon the Scherrer equation.

The temperature programmed desorption (TPD) of NH3 was carried out
in a flow system. The samples were first purged in He at 473 K for 1 h,
and then cooled down to 423 K to be saturated with NH3 for 30 min.
Helium gas was switched to again remove the residual gaseous NH3 until
no signal in the effluent could be detected by the down stream gas chro-
matograph (GC, TCD). The desorption profiles were obtained under the
following conditions: flow rate 50 mLmin�1 He, and ramping rate
5 Kmin�1 from 300 K to 800 K.

Thermal gravimetry experiment was conducted to investigate the possible
coke formation on the catalyst. It was implemented in air flow on a Shi-
madzu machine (DTG-60). Temperature was increased from 298 to
773 K at a rate of 5 Kmin�1.

Fischer–Tropsch synthesis (FTS) reaction test : The FTS reactions were
conducted in a continuous flow type fixed-bed reactor in the temperature
range of 513 to 553 K under a pressure of 1.0 MPa. The catalyst with
0.5 g Co/SiO2 was loaded in the center of the stainless steel reactor (i.d.
8 mm) and reduced in situ at 673 K for 10 h in H2 flow, followed by cool-
ing down to 353 K in N2 before exposure to syngas. When the desired re-
action temperature was reached, pressurized syngas (CO/H2, molar ratio
1=2, WCo/SiO2/F=10 ghmol

�1) was introduced and the reaction was carried
on continuously for 6–100 h. An ice trap with the solvent and inner
standard was set between the reactor and the back pressure regulator to
capture the heavy hydrocarbons in the effluent. A trap with concentrated
sulfuric acid was set after the back pressure regulator to absorb the ole-
fins, since the separation of olefins and isoparaffins by the gas chromato-
graph column was not so satisfying. The concentration of light hydrocar-
bons (C1–C10) was analyzed with an online gas chromatograph (GC-FID,
Shimadzu, GC-14B) equipped with a capillary column (J&W Scientific
GS-Alumina, i.d. 0.53 mm, length = 30 m) for separating the iso- and n-
paraffins. To check the possible formation of isoparaffins higher than C10,
a high-temperature distillation-type gas chromatograph (HP-6890) was
used for each reaction with zeolite-containing catalyst, but no hydrocar-
bons higher than C10 was detected. When testing the activity of the cata-
lysts without zeolite coating, because of the presence of heavy compo-
nents in the effluent, a silicone SE-30 column was used instead of the ca-
pillary column to avoid jamming of the capillary column. The condensate
hydrocarbons (C4+) in the ice trap were collected after the reaction and
also analyzed with the GC-FID by injection. The two results were
summed up to calculate the yields of the iso- and n-paraffins. The yields
of the olefins were obtained from the difference of the GC peaks before
and after the olefins were absorbed in the H2SO4 trap. The concentration
of CO, CO2, and CH4 in the effluent from the reactor was monitored
with an online GC-TCD (Shimadzu, GC-8A) equipped with an active
charcoal column. To prevent the middle hydrocarbons (C5–C9) from en-
tering the GC-TCD, an ice trap filled with water was set before the six-
way valve leading to the GC-TCD. For zeolite-coated catalysts, n-heptane
was used as the inner standard, and n-octane as the solvent in the trap.
For catalysts without zeolite coating, n-heptadecane was used as the
inner standard, and n-tridecane as the solvent.
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