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a b s t r a c t

Highly loaded Co/SiO2 catalysts were prepared by a co-precipitation technique with an n-butanol drying
process for Fischer–Tropsch synthesis (FTS). With the increase in cobalt loading from 20% to 80%, the FTS
activity of the catalysts increased greatly. The addition of ZrO2 improved the dispersion of cobalt and pro-
moted the adsorption of H2 and CO on cobalt. The preadsorbed H atoms significantly enhanced the
adsorption of CO and C2H4, especially on cobalt promoted by ZrO2. While the adsorption of C2H4 onto
clean cobalt led to the formation of ethylidyne, p- and di-r-bonded C2H4 might form on the CO-pread-
sorbed 80%Co/SiO2 and 80%Co–8%ZrO2/SiO2, respectively. The presence of ZrO2 strengthened the bonding
of molecularly adsorbed ethylene and increased its uptake on CO-preadsorbed cobalt, which might be
why the 80%Co–8%ZrO2/SiO2 exhibited such high activity for the hydrogenation of CO to heavy
hydrocarbons.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The reactions of Fischer–Tropsch synthesis (FTS) have been
widely studied, because it provides a feasible route for the synthe-
sis of clean fuels from syngas without any sulfur and aromatic
compounds [1–3]. Co-based catalysts were found to exhibit high
activity for producing linear heavy hydrocarbons with low activity
for the water–gas shift reaction [4–6]. Previous studies [2,7–9]
showed that the reducibility and dispersion of supported cobalt
might be the important factors determining activity and selectivity
to heavy hydrocarbons, and activity and Cþ5 selectivity were related
to the number of metallic cobalt particles (larger than 7–8 nm) on
the surface. Supported cobalt catalysts were usually prepared by
the incipient wetness impregnation method [6,10–13] with porous
materials such as alumina, silica, and active carbons as supports.
When the loading of cobalt was low (e.g., lower than 30%), precur-
sors of cobalt were highly dispersed on the supports. However, the
strong interactions between the metal and supports led to the for-
mation of compounds such as cobalt silicates and cobalt alumi-
nates that were difficult to reduce [2,14–16], resulting in FTS
catalysts with low activity, high selectivity to methane, and low
selectivity to Cþ5 .

Two methods are usually used to improve the activity of cobalt
catalysts for FTS. One is to increase the loading of cobalt [10,17,18],
so that more cobalt can be reduced and hopefully more active sites
ll rights reserved.
may be created. Thus, sol–gel and co-precipitation methods com-
bined with a supercritical drying technique are usually used to pre-
pare cobalt catalysts with high surface area and high loading and
dispersion of supported cobalt. Another way is to add promoters
to cobalt catalysts. Promoters such as Zr, La, Mn, Ce, and V were
added and found to improve the reducibility and dispersion of sup-
ported Co [10,11,14,19–21]. In addition, some promoters retarded
the deactivation and coke deposition of cobalt catalysts for FTS.

In this work, highly loaded Co/SiO2 catalysts were prepared by
the co-precipitation method with an n-butanol drying process
so that the surface area of catalysts, as well as the reducibility
and dispersion of supported cobalt, was significantly enhanced
[22,23]. Accordingly, the catalysts were found to be highly active
and selective to Cþ5 for the FTS. In addition, ZrO2 was added as a
promoter. Techniques such as X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), and microcalorimetric adsorption
were used to characterize the catalysts, and efforts were made to
correlate the FTS reactivity to the surface properties of catalysts.

The a-olefins and their adsorbed forms are believed to be
important for carbon chain propagation during the FTS. It was re-
ported that a-olefins such as ethylene could act as chain initiators
and their readsorption would lead to further chain growth [1,24–
27]. Girardon et al. [6] found that the cobalt catalysts that adsorbed
more propylene exhibited higher activity and selectivity to Cþ5 in
FTS. Ethylene is a simple olefin. The uptake of ethylene may reflect
the chain propagation probability of a FTS catalyst. In addition,
different reactants, intermediates, and products may adsorb simul-
taneously onto the cobalt surface and affect the subsequent
adsorption and surface reactions. Although complete description
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mailto:jyshen@nju.edu.cn
http://dx.doi.org/10.1016/j.jcat.2011.01.014
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat


L. Chen, J. Shen / Journal of Catalysis 279 (2011) 246–256 247
of such mutual interactions is a tremendous task, the interactions
of simple molecules such as H2, CO, and ethylene on the surfaces of
FTS catalysts may provide useful information about the surface
properties that could be related to the initial reactivity of FTS
catalysts.
2. Experimental

2.1. Preparation of catalysts

Co/SiO2 catalysts containing about 20, 40, 60, and 80 wt.% cobalt
were prepared by the co-precipitation method. Co–ZrO2/SiO2

catalysts with different amounts of ZrO2 (2–12 wt.%) were pre-
pared similarly. Specifically, desired amounts of metal nitrates
(Co(NO3)2�6H2O and/or (Zr(NO3)4�5H2O, both in AR grade) were
dissolved in 100 ml distilled water to form a solution (I). Another
solution (II) was obtained by dissolving desired amounts of Na2CO3

(AR) and Na2SiO3�9H2O (AR) in 100 ml distilled water. The two
solutions were simultaneously added dropwise into a beaker con-
taining 250 ml distilled water at 353 K under vigorous stirring. The
precipitates formed were filtered and washed thoroughly with
water until the pH of the filtrate was 7. n-Butanol (about 200 ml,
AR) was then added into a precipitate and heated at 353 K over-
night, while water and n-butanol were evaporated. The powder
samples were further dried in an oven at 393 K for 12 h. Then, they
were pressed, crashed, and sieved to 20 and 40 meshes for further
use.
2.2. Characterization of catalysts

The nitrogen adsorption/desorption isotherms were determined
at 77 K using a Micromeritics Gemini V 2380 autosorption ana-
lyzer. Catalysts were usually outgassed in flowing nitrogen at
573 K for 3 h prior to the measurements. The specific surface areas
were calculated using the Brunauer–Emmett–Teller (BET) method,
and the pore size distributions were obtained according to the
desorption branches by the Barrett–Joyner–Halenda (BJH) method.

XRD patterns were collected in ambient atmosphere by an X-
ray diffractometer (Shimadzu XRD-6000) with Cu Ka radiation
(k = 1.5408 Å) generated at 40 kV and 30 mA. Diffraction intensities
were recorded from 10� to 80� at a rate of 2.00�/min with a sam-
pling width of 0.02�.

Temperature-programmed reduction measurements (TPR)
were performed using a quartz U-tube reactor loaded with about
50 mg of a dried sample in 5.03% H2/N2 (V/V) at a flow rate of
40 ml/min. The hydrogen consumption was monitored by a ther-
mal conductivity detector (TCD). The reducing gas first passed
through the reference arm of the TCD before entering the reactor.
The exiting gas passed through a trap filled with soda lime to re-
move water and possibly CO2 and then reached the second arm
of the TCD.

Microcalorimetric adsorption measurements were performed
using a Tian–Calvet Type C-80 microcalorimeter (Setaram, France),
which was connected to a glass vacuum-dosing system, equipped
with a Baratron capacitance manometer (USA) for pressure mea-
surement and gas handling. About 0.1 g of catalyst was loaded, re-
duced at 773 K for 2.5 h in flowing H2, and then evacuated at 773 K
for 1 h prior to measurement. Then, the microcalorimetric adsorp-
tion of CO, H2, C2H4, NH3, and CO2 was carried out. In addition, two
different probe gases were adsorbed successively onto the reduced
80%Co/SiO2 and 80%Co–8%ZrO2/SiO2. For example, the microcalori-
metric adsorption of CO was first performed at 303 K on the re-
duced 80%Co/SiO2, followed by evacuation at 303 K for 3 h to
remove the weakly adsorbed CO molecules. Then, another probe
molecule such as ethylene was dosed onto the catalyst at 303 K
to measure the heat of adsorption of ethylene on the catalyst with
CO preadsorbed, and vice versa. In this way, pairs of gases such as
H2/CO, CO/ethylene, and H2/ethylene were studied by the microca-
lorimetric adsorption. The catalysts were usually evacuated at
303 K for 3 h before the second probe gas was adsorbed. The situ-
ation of adsorption of CO followed by the adsorption of ethylene on
80%Co/SiO2 was expressed as C2H4/CO/80%Co/SiO2. In contrast, the
adsorption of ethylene followed by CO on 80%Co/SiO2 could be ex-
pressed as CO/C2H4/80%Co/SiO2.

The infrared (IR) spectra were recorded on a Bruker VERTEX 70
spectrometer with an MCT detector (in the range of 1000–
4000 cm�1). A catalyst (about 20 mg) was pressed into a self-sup-
porting pellet and loaded into an in situ IR cell. It was reduced in
H2 at 773 K for 2.5 h, followed by evacuation at 773 K for 1 h. After
cooled down to 303 K, certain amount of CO and C2H4 (about 4 kPa)
was introduced subsequently into the IR cell and kept for 1 h. Then,
the IR cell was evacuated for 1 h to remove gaseous molecules. The
IR spectra were collected before and after the introduction of
adsorbates. For the adsorption of C2H4 on the CO-preadsorbed
samples, CO was adsorbed and evacuated at 303 K and an IR spec-
trum was then collected as background before the introduction of
C2H4.

The adsorption of H2 and O2 was carried out in a homemade
volumetric apparatus. The catalysts were reduced in H2 at 773 K
for 4 h and evacuated at 773 K for 1 h before the measurements.
The adsorption of H2 was performed at 423 K [28,29]. After the
adsorption of H2, the sample was heated to 673 K at a rate of
10 K/min and evacuated at the temperature for 1 h. The adsorption
of O2 was then performed at 673 K. The uptake of H2 and O2 was
obtained by extrapolating the coverage of corresponding isotherms
to P = 0. The degree of reduction (reducibility), dispersion, and
average particle size of supported cobalt were calculated based
on the amounts of H2 and O2 adsorbed and the loading of cobalt.
The detailed calculation formulas could be found in the literature
[30].

2.3. Catalytic tests

Reactions of FTS were carried out in a fixed bed reactor. The
reactor consisted of a stainless steel tube with an internal diameter
of 10 mm heated by an electronic oven. Syngas was regulated with
a mass flow controller. The reaction pressure was maintained by a
back-pressure regulator. Typically, 3 g of catalyst mixed with
quartz sands was loaded into the reactor. Prior to the reaction,
the catalyst was reduced at 773 K in flowing H2 (30 ml/min) for
4 h under atmospheric pressure. After the temperature was low-
ered to 373 K, syngas (H2:CO:N2 = 64:32:4 mol ratio) was intro-
duced, and the reactor was heated to the desired reaction
temperatures. N2 was added as an internal standard for the analy-
sis of CO and products by a gas chromatograph (GC).

A hot trap at 423 K and a cold trap at 273 K were used to collect
wax and liquid products, respectively. The FTS reactions reached
steady state on the catalysts after 12 h, and the effluent gases from
the traps were analyzed on line by a GC. A TDX-01 column was
used with a TCD for the analysis of gaseous products CO, N2, CO2,
and CH4, while a Porapak-Qs column with a flame ionization detec-
tor (FID) was employed for the analysis of light hydrocarbons (C1–
C4). Wax and liquid products were not analyzed, but were weighed.
The conversion of CO and selectivity of different products were cal-
culated according to the following equations:

Conversion of CO ð%Þ ¼ nCO;inlet � nCO;outlet

nCO;inlet
� 100%

Selectivity to CO2 ð%Þ
nCO2 ;produced

nCO;inlet � nCO;outlet
� 100%
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Selectivity to CH4 ð%Þ ¼
nCH4 ;produced

nCO;inlet � nCO;outlet � nCO2 ;produced
� 100%

Selectivity to C2 � C4 ð%Þ

¼ nC2�C4 ;produced

nCO;inlet � nCO;outlet � nCO2 ;produced
� 100%

Selectivity to Cþ5 ð%Þ ¼ 1� SCH4 � SC2 � SC3 � SC4
Table 3
3. Results and discussion

3.1. Catalytic performance

Table 1 shows the results of FTS for Co/SiO2 catalysts with dif-
ferent cobalt loadings. With the increase in cobalt loading from
20% to 80%, the conversion of CO increased greatly from 7% to
100% at 483 K and 2 MPa while the selectivity to CO2 decreased
from 6.2% to 2.4%. The selectivity to Cþ5 was maintained around
83–90% with the increased loading of Co. The activity of 80%Co/
SiO2 was particularly high, since the conversion of CO almost
reached 100% even at 473 K, with low selectivity to CO2 (1.8%)
and high selectivity to Cþ5 (89%).

Different amounts of ZrO2 were added to the 80%Co/SiO2 by the
co-precipitation method. The FTS reactions were performed at
463 K and 2 MPa for the 80%Co–ZrO2/SiO2 catalysts. The results
are summarized in Table 2. It is seen that the 80%Co/ZrO2 exhibited
28.9% convention of CO and 86.8% selectivity to Cþ5 , respectively;
both were lower than for 80%Co/SiO2 (79.5% and 91.5%, respec-
tively). Thus, the activity of 80%Co/ZrO2 was quite low for FTS.
However, addition of ZrO2 as a promoter into the 80%Co/SiO2 made
a great difference. The data in Table 2 show that with the increase
in ZrO2 from 0% to 8%, the conversion of CO increased from 79.5% to
92%. Meanwhile, the selectivity to Cþ5 was increased from 91% to
95% with the decreased selectivity to CH4. However, excessive
addition of ZrO2 (such as 12%ZrO2) decreased the conversion of
CO and selectivity to Cþ5 . In fact, the 80%Co–12%ZrO2/SiO2 showed
some behavior of the 80%Co/ZrO2 for FTS reactions, since only 8%
SiO2 was contained in it. Thus, the addition of the proper amount
Table 1
Catalytic performance of Co/SiO2 catalysts with different cobalt loadings in FTS
reactions (P = 2 MPa and GHSV = 500 ml/(gcatal h)).

Catalyst T (K) Conversion (%) Selectivity (%)

CO2 CH4 C2–C4 Cþ5

20%Co/SiO2 483 7.0 6.2 9.2 1.3 89.5
40%Co/SiO2 483 45.7 8.1 7.1 7.0 85.9
60%Co/SiO2 473 83.2 2.6 9.7 3.4 86.9

483 99.2 5.7 10.0 2.8 87.2
80%Co/SiO2 473 99.3 1.8 8.4 2.7 88.9

483 100 2.4 13.1 3.5 83.4

Table 2
Catalytic performance of 80%Co–ZrO2/SiO2 catalysts with different ZrO2 loadings for
the FTS reactions (P = 2 MPa, GHSV = 500 ml/(gcatal h), and T = 463 K).

Catalyst Conversion (%) Selectivity (%)

CO2 CH4 C2–C4 Cþ5

80%Co/SiO2 79.5 0.2 5.1 3.4 91.5
80%Co–2%ZrO2/SiO2 82.7 2.7 2.7 1.6 95.7
80%Co–4%ZrO2/SiO2 83.9 1.6 2.9 2.0 95.0
80%Co–6%ZrO2/SiO2 87.4 3.0 2.7 2.4 94.9
80%Co–8%ZrO2/SiO2 91.9 2.7 3.0 2.0 95.0
80%Co–12%ZrO2/SiO2 54.3 2.4 6.8 4.0 89.2
80%Co/ZrO2 28.9 0 9.4 3.8 86.8
of ZrO2 (e.g., 8%) promoted the conversion of CO and enhanced
the selectivity to Cþ5 for FTS over the Co–ZrO2/SiO2 catalysts.

Based on the above results, we selected four catalysts (80%Co/
SiO2, 80%Co–4%ZrO2/SiO2, 80%Co–8%ZrO2/SiO2, and 80%Co/ZrO2)
for further studies to understand the effect of ZrO2 on the surface
properties of Co/SiO2 catalysts.
3.2. Textural and structural properties of catalysts

Table 3 shows the surface areas and pore parameters for the
four selected catalysts (80%Co/SiO2, 80%Co–4%ZrO2/SiO2, 80%Co–
8%ZrO2/SiO2, and 80%Co/ZrO2) after the FTS reactions. The data
showed that the 80%Co/SiO2 possessed higher surface area, but
smaller pore size, than the 80%Co/ZrO2. Addition of ZrO2 decreased
the surface area, but increased the pore size. Thus, the pore param-
eters (in terms of surface area and pore size) of 80%Co–ZrO2/SiO2

were similar to those of 80%Co/ZrO2. The increase in the pore size
upon the addition of ZrO2 might favor the diffusion of CO and H2 in
pores filled with liquid products as well as the diffusion of heavy
hydrocarbons out of catalyst pores [2,31].

Because of the high activity and Cþ5 selectivity of these catalysts,
the pores were usually filled with liquid products, and thus re-
duced cobalt species were more or less protected from oxidation
when they were exposed to air. Fig. 1 shows the XRD patterns
for the catalysts after FTS reactions. Two diffraction peaks at
21.3� and 23.7� are clearly seen for wax in the catalysts. A diffrac-
tion peak at 44.4� for metallic Co was observed for all the catalysts.
The width of this diffraction peak was used to estimate the average
sizes of supported cobalt particles according to the Scherrer equa-
tion (see Table 4). The cobalt particle sizes in the 80%Co/SiO2 and
80%Co/ZrO2 were found to be about 16 and 18 nm, respectively,
while they were about 10 nm in the two Co–ZrO2/SiO2 catalysts.
Thus, the addition of ZrO2 improved the dispersion of Co on SiO2.
XRD results indicated that cobalt existed mainly as Co3O4 before
the reduction (data not given). Only traces of Co3O4 were observed
in the catalysts after the FTS reactions, which might be formed
from the oxidation of some metallic Co in air. A diffraction peak
Texture properties of selected catalysts after FTS reactions at 463 K.

Catalyst BET area
(m2/g)

Pore volume
(cm3/g)

Average pore
diameter (nm)

80%Co/SiO2 81 0.4 11.7
80%Co–4%ZrO2/SiO2 33 0.2 17.4
80%Co–8%ZrO2/SiO2 38 0.3 19.4
80%Co/ZrO2 36 0.2 21.1
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Fig. 1. XRD patterns of 80%Co/SiO2 (a), 80%Co–4%ZrO2/SiO2 (b), 80%Co–8%ZrO2/SiO2

(c), and 80%Co/ZrO2 (d) after FTS reactions at 463 K.



Table 4
Results of chemisorption of H2 and O2 on the selected catalysts reduced at 773 K with the sizes of supported Co particles determined by different methods.

Catalyst Adsorption (lmol/g) Dis.a (%) Red.b (%) Diam. of Coc (nm) by

H2 O2 XRD H2 ads. TEM

80%Co/SiO2 80 5184 2 57 16 46.5 48
80%Co–4%ZrO2/SiO2 164 4059 5 44 11 17.9 25
80%Co–8%ZrO2/SiO2 183 4212 6 46 10 16.4 20
80%Co/ZrO2 97 6210 2 68 18 46.4 Hard to judge

a Dis. = dispersion.
b Red. = reducibility.
c Diam. = diameter.
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at 42.4� for CoO was also observed for the 80%Co–8%ZrO2/SiO2 and
80%Co/ZrO2, which might be due to the incomplete reduction of
cobalt species in the catalysts. In fact, O2 adsorption showed that
only part of the supported cobalt was reduced to the metallic state.

TEM images of the four selected catalysts after FTS reactions are
shown in Fig. 2. Small dispersed cobalt particles were observed in
the 80%Co/SiO2, with some large ones (see Fig. 2a), and the average
size of the cobalt particles was estimated to be about 48 nm for the
catalyst. Addition of 8%ZrO2 changed the size distribution of cobalt
particles and the sizes of cobalt particles became even (see Fig. 2c).
The average size of cobalt particles was then estimated to be about
20 nm for the 80%Co–8%ZrO2/SiO2, close to that determined by H2

adsorption (16.4 nm). Addition of 4%ZrO2 led to a similar change in
the size distribution of cobalt particles in 80%Co–4%ZrO2/SiO2 (see
Fig. 2b), but the sizes of cobalt particles were not as even as in the
80%Co–8%ZrO2/SiO2. The average size of cobalt particles was esti-
mated to be about 25 nm for the 80%Co–4%ZrO2/SiO2. No clear co-
balt particles could be observed in the 80%Co/ZrO2 (Fig. 2d), and
thus the average particle size could not be estimated from its
TEM image.

The number of surface cobalt sites could be titrated by the
adsorption of H2 at 423 K, according to which the average particle
sizes of cobalt could be calculated. Table 4 summarizes the sizes of
Fig. 2. TEM images of 80%Co/SiO2 (a), 80%Co–4%ZrO2/SiO2 (b), 80%Co–
cobalt particles determined by XRD, TEM, and H2 adsorption. The
inconsistent results seem to indicate the limitations of different
methods for the determination of particle sizes of Co [16]. How-
ever, the cobalt particle sizes in these catalysts determined by
TEM and H2 adsorption were quite close. Since only certain crystal
faces of cobalt were collected by XRD, the average sizes of cobalt
particles estimated by the Scherrer equation might be smaller.

3.3. Reducibility and dispersion of supported cobalt

Fig. 3 shows the TPR profiles for the four catalysts. Two main
reduction peaks were observed for all four catalysts, which might
be attributed to sequential reduction from Co3O4 to CoO and then
to Co [11,12,32]. Thus, the addition of ZrO2 did not change the
reduction sequence of cobalt species. However, the second TPR
peak seemed to shift to higher temperatures upon the addition of
ZrO2, indicating that the presence of ZrO2 increased the interaction
of cobalt species with the support.

The adsorption of H2 and O2 onto the reduced catalysts was car-
ried out at 423 and 673 K, respectively, from which the dispersion
and reducibility of supported cobalt could be derived. Table 4 sum-
marizes the information obtained by the adsorption of H2 and O2.
The data in Table 4 showed that the H2 uptake increased from
8%ZrO2/SiO2 (c), and 80%Co/ZrO2 (d) after FTS reactions at 463 K.
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80 lmol/g for the 80%Co/SiO2 to 183 lmol/g for the 80%Co–
8%ZrO2/SiO2, corresponding to the increase in cobalt dispersion
from 2% to 6%. Meanwhile, the oxygen uptake was decreased, cor-
responding to the decrease in reduction degree (reducibility) from
57% to 46%. Thus, the addition of ZrO2 increased the dispersion,
while it decreased the reducibility of cobalt supported on SiO2,
consistent with the results of TEM and TPR. However, the increase
in dispersion was much greater than the decrease in reducibility
for supported Co, so that the number of active surface Co atoms
was significantly increased upon the addition of ZrO2.
CO coverage  (µmol/g)

Fig. 4. Differential heat vs. coverage for the adsorption of H2 at 423 K (a) and CO at
298 K (b) over 80%Co/SiO2 (s), 80%Co–4%ZrO2/SiO2 (d), 80%Co–8%ZrO2/SiO2 (h),
and 80%Co/ZrO2 (j).
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Fig. 5. Infrared spectra for the adsorption of CO at 303 K onto 80%Co/SiO2 (a),
80%Co–8%ZrO2/SiO2 (b), and 80%Co/ZrO2 (c). The catalysts were reduced and
evacuated at 773 K before the adsorptions.
3.4. Microcalorimetric adsorption of H2 and CO

Apparently, the adsorption of CO and H2 is important for FTS
reactions. Thus, microcalorimetric adsorption of H2 and CO onto
the four selected catalysts was performed. Fig. 4a shows the results
for microcalorimetric adsorption of H2 at 423 K for the catalysts.
The initial heat was about 73 kJ/mol for H2 adsorption onto the
80%Co/SiO2, which was increased to 83 kJ/mol when 8%ZrO2 was
added. The initial heat was about 90 kJ/mol for H2 adsorption onto
the 80%Co/ZrO2, indicating that the Co–H bond was strengthened
with the addition of ZrO2. The uptake of H2 was also increased
upon the addition of ZrO2.

Fig. 4b shows the results of microcalorimetric adsorption of CO
at 298 K for the catalysts. The initial heat was about 90 kJ/mol for
the adsorption of CO onto the 80%Co/SiO2, which was increased to
93 kJ/mol when 8%ZrO2 was added. The initial heat was also about
93 kJ/mol for CO adsorption onto the 80%Co/ZrO2. The uptake of CO
increased significantly from 101 lmol/g on the 80%Co/SiO2 to
200 lmol/g on the 80%Co–8%ZrO2/SiO2.

These results showed that the uptake for the adsorption of H2

and CO onto the supported cobalt was increased upon the addition
of ZrO2. However, the increase in uptake upon the addition of ZrO2

was different for the adsorption of H2 and CO, resulting in a change
in the CO/H ratio adsorbed onto cobalt. The CO/H ratio was about
0.38 for the 80%Co/SiO2, while it increased to about 0.56 on the
80%Co/ZrO2 and Co–ZrO2/SiO2 catalysts, indicating that the addi-
tion of ZrO2 enhanced the adsorption of CO more than that of H2.
CO could be adsorbed onto cobalt in linear or bridged forms. Thus,
the adsorbed CO/H ratio should be between 0.5 (for bridged
adsorption of CO) and 1 (for linear adsorption of CO). The CO/H ra-
tio close to 0.5 suggested that CO was mainly adsorbed in bridged
form on the catalysts. This was confirmed by the IR spectra for the
adsorbed CO on the 80%Co/SiO2, 80%Co–8%ZrO2/SiO2, and 80%Co/
ZrO2, as shown in Fig. 5. Two broad bands around 1870 and
1990 cm�1 were observed for the adsorption of CO on the catalysts,
which can be attributed to the bridged [32–34] and linear adsorbed
CO [33,35,36], respectively. Obviously, the band of bridged species
(1870 cm�1) was significantly more intensive than that of linear
species (1990 cm�1).

Since the addition of ZrO2 enhanced the adsorption of H2 and
CO onto the surface of Co/SiO2 in terms of both initial heat and up-
take, the addition of ZrO2 significantly enhanced the conversion of
CO and selectivity to Cþ5 on the 80%Co–ZrO2/SiO2 catalysts for FTS
reactions.
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3.5. Surface acidic and basic properties

Previous studies revealed that the surface acid–base properties
affected the activity and selectivity of FTS reactions significantly
[24,37–39]. Cobalt oxides may interact strongly with acidic sup-
ports, leading to lowered reducibility of supported cobalt and thus
low FTS activities. In addition, some acid-catalyzed reactions such
as oligomerization, isomerization, and cracking might occur on
strongly acidic sites, leading to coke deposition and inhibition of
chain propagation of hydrocarbons [40,41]. On the other hand,
the FTS activities of cobalt catalysts were significantly decreased
when basic promoters such as K and Mg were added [10,24,42].
Thus, special attention should be paid to the change in surface
acidic and basic properties of Co/SiO2 catalysts upon the addition
of ZrO2.

Microcalorimetric adsorption of NH3 and CO2 was used to probe
the surface acid–base properties of catalysts. Fig. 6a shows the re-
sults for the adsorption of ammonia at 423 K onto the catalysts re-
duced and evacuated at 773 K. The initial heat and uptake were
measured to be about 83 kJ/mol and 500 lmol/g, respectively, on
the 80%Co/SiO2, while they were 111 kJ/mol and 350 lmol/g,
respectively, on the 80%Co/ZrO2, for the adsorption of ammonia.
The higher initial heat indicated stronger surface acidity on
80%Co/ZrO2 than on 80%Co/SiO2. The lower uptake of ammonia
on 80%Co/ZrO2 might be due to the lower surface area of 80%Co/
ZrO2 than of 80%Co/SiO2. The addition of ZrO2 increased the initial
heat of ammonia adsorption, indicating increased surface acidity of
Co–ZrO2/SiO2 when compared to the Co/SiO2. However, the surface
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Fig. 6. Differential heat vs. coverage for NH3 (a) and CO2 (b) adsorption over 80%Co/
SiO2 (s), 80%Co–4%ZrO2/SiO2 (d), 80%Co–8%ZrO2/SiO2 (h), and 80%Co/ZrO2 (j)
reduced at 773 K. The microcalorimetric adsorption measurements were performed
at 423 K.
acidity of the 80%Co/ZrO2 did not seem to be strong enough to cat-
alyze the cracking reactions of heavy hydrocarbons.

The results of microcalorimetric adsorption of CO2 at 423 K on
the reduced catalysts are shown in Fig. 6b. The initial heat and up-
take were measured to be about 82 kJ/mol and 42 lmol/g, respec-
tively, for the adsorption of CO2 onto the 80%Co/ZrO2. Thus, the
80%Co/ZrO2 possessed some surface basicity. Thus, the surface of
Co/ZrO2 was both acidic and basic owing to the amphoteric prop-
erties of ZrO2. Surprisingly, the uptake was very low and no heat
was measured for the adsorption of CO2 onto the 80%Co–8%ZrO2/
SiO2, indicating that the 80%Co–ZrO2/SiO2 catalysts essentially
did not possess any surface basicity. Bouarab et al. [43] and López
et al. [44] found that the addition of MgO increased the surface ba-
sicity of SiO2-supported metal catalysts, and the increase in surface
basicity was unfavorable for the FTS reactions [10,24,42]. Thus,
ZrO2 seemed a unique promoter that increased the surface acidity
of Co/SiO2 catalysts without affecting their surface basicity.
3.6. Sequential adsorption studies

3.6.1. Sequential adsorption of H2 and CO
Studies showed that the adsorption of H2 on cobalt was acti-

vated [28,29,45] and thus the heat of adsorption of H2 was affected
by the adsorption temperature. Fig. 7 shows the effect of tempera-
ture on the heat of H2 adsorption on the 80%Co/SiO2 and 80%Co–
8%ZrO2/SiO2 catalysts. The initial heat was about 57 and 73 kJ/
mol for the adsorption of H2 on the 80%Co/SiO2 at 303 and 423 K,
respectively. Greater initial heat was generated when the adsorp-
tion was performed at a higher temperature on the same catalyst,
indicating that the adsorption of H2 on cobalt needs activation en-
ergy. Surprisingly, the initial heat (70 kJ/mol) and uptake
(247 lmol/g) were significantly increased for the adsorption of
H2 onto the 80%Co–8%ZrO2/SiO2 at 303 K. The initial heat (70 kJ/
mol) for the adsorption of H2 at 303 K onto the 80%Co–8%ZrO2/
SiO2 was close to that (73 kJ/mol) for the adsorption of H2 at
423 K onto the 80%Co/SiO2, indicating that ZrO2 promoted the dis-
sociative adsorption of H2 on the cobalt surface (i.e., lowered the
activation energy for the adsorption of H2 on Co). When H2 was ad-
sorbed at 423 K onto the 80%Co–8%ZrO2/SiO2, the initial heat was
further increased to 83 kJ/mol, while the uptake of H2 was de-
creased from 247 to 175 lmol/g.

After the adsorption of H2 at 303 and 423 K, respectively, onto
the 80%Co/SiO2 and 80%Co–8%ZrO2/SiO2, the catalysts were evacu-
ated at 303 K and the adsorption of CO was performed at 303 K.
Fig. 8 shows the results. Generally, the desorption temperature
(Tdes) for the absorbed molecules was related to the adsorption
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heat (DHads) of the adsorbed molecules by the equation Tdes =
4DHads, which stated that adsorbed molecules with adsorption
heat lower than DHads could be desorbed at Tdes = 4DHads [46,47].
Accordingly, the H2 adsorbed onto the 80%Co/SiO2 at 303 K (with
the initial heat of 57 kJ/mol) might be almost completely desorbed
when evacuating at 303 K, and those adsorbed on the 80%Co–
8%ZrO2/SiO2 at 423 K (with the initial heat of 83 kJ/mol) could
not be completely desorbed at 303 K.

Fig. 8a shows that the initial heat and coverage for the adsorp-
tion of CO on the clean 80%Co/SiO2 at 303 K were about 90 kJ/mol
and 87 lmol/g, respectively. After the adsorption of H2 at 303 K
followed by evacuation at 303 K, the adsorption of CO was per-
formed again on the 80%Co/SiO2, and initial heat and coverage sim-
ilar to those for the clean catalyst were measured, indicating that
all adsorbed H2 was evacuated before the adsorption of CO in this
case. However, after adsorption of H2 at 423 K followed by evacu-
ation at 303 K, the adsorption of CO onto the (H-preadsorbed)
80%Co/SiO2 generated greater initial heat (96 kJ/mol) with greater
coverage (171 lmol/g), indicating that the presence of preadsorbed
H significantly enhanced the adsorption of CO onto the surface of
cobalt. Since H is a strong electron donor [48], the presence of H in-
creased the electron density in d orbitals of surface cobalt and thus
increased the electron charges back-donated from d orbitals to the
anti-bonding orbitals of adsorbed CO [49]. In this way, the Co–CO
bonding was enhanced and more heat was generated for the
adsorption of CO onto the Co surface with preadsorbed H atoms.

Fig. 8b shows the effect of preadsorbed H on the adsorption of
CO onto the 80%Co–8%ZrO2/SiO2. Since the adsorption of H2 was
promoted by the presence of ZrO2, some adsorbed H might remain
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Fig. 8. Differential heat vs. coverage for CO adsorption onto clean and H2-
preadsorbed (CO/H2) 80%Co/SiO2 (a) and 80%Co–8%ZrO2/SiO2 (b) catalysts. The
catalysts were reduced and evacuated at 773 K. After the adsorption of H2 at 303 or
423 K and evacuation at 303 K, the microcalorimetric adsorption of CO was
performed at 303 K (CO/H2-303 K and CO/H2-423 K).
on the surface of 80%Co–8%ZrO2/SiO2 after the adsorption of H2

and then evacuation at 303 K. Accordingly, the heat and coverage
of CO were higher (though not much, indicating that only a little
H remained) on it than on the clean 80%Co–8%ZrO2/SiO2. After
the adsorption of H2 at 423 K followed by evacuation at 303 K,
the adsorption of CO onto the H-preadsorbed 80%Co–8%ZrO2/SiO2

generated greater initial heat (101 kJ/mol) with greater coverage
(287 lmol/g), indicating that the presence of preadsorbed H signif-
icantly enhanced the adsorption of CO on the surface of cobalt pro-
moted by ZrO2.

Since ZrO2 promoted the adsorption of H2 onto the surface of
cobalt (both the initial heat and coverage of H2 were increased),
80%Co–8%ZrO2/SiO2 was covered with more H atoms than
80%Co/SiO2, after adsorption of H2 and evacuation at 303 K.
Accordingly, the adsorption of CO was more enhanced (in terms
of uptake and surface bonding) on the H-preadsorbed surface of
cobalt promoted by ZrO2. Thus, ZrO2 promoted not only the
adsorption of H2 and CO individually onto the clean surface of co-
balt, but also the adsorption of CO particularly onto the H-pread-
sorbed surface of cobalt. While the initial heat and coverage
were about 90 kJ/mol and 87 lmol/g, respectively, for the adsorp-
tion of CO at 303 K onto the clean 80%Co/SiO2, they were found to
be about 101 kJ/mol and 287 lmol/g, respectively, for the adsorp-
tion of CO at the same temperature onto the H-preadsorbed
80%Co–8%ZrO2/SiO2. Such a great difference in the adsorption of
CO might account for the greatly positive effect of ZrO2 as a pro-
moter for Co/SiO2 catalysts in the FTS reactions.

At 303 K, the heat of H2 adsorption onto the 80%Co/SiO2 was
low (57 kJ/mol). The heat was significantly increased to 70 kJ/mol
for the adsorption of H2 at 303 K onto the 80%Co–8%ZrO2/SiO2.
Thus, the effect of preadsorbed CO on the adsorption of H2 onto
80%Co–8%ZrO2/SiO2 was more meaningful. The results are shown
in Fig. 9. The initial heat and coverage were measured to be about
92 kJ/mol and 207 lmol/g, respectively, for the adsorption of CO at
303 K onto 80%Co–8%ZrO2/SiO2. After evacuation at 303 K, a large
quantity of CO (more than 100 lmol/g) might remain on the sur-
face of 80%Co–8%ZrO2/SiO2, which would definitely affect the
adsorption of H2. The initial heat and coverage were measured to
be about 70 kJ/mol and 247 lmol/g, respectively, for the adsorp-
tion of H2 onto the clean 80%Co–8%ZrO2/SiO2, while they were
about 70 kJ/mol and 175 lmol/g, respectively, for the adsorption
of H2 onto the CO-preadsorbed 80%Co–8%ZrO2/SiO2. In addition,
the heat was significantly decreased at coverage higher than
38 lmol/g for the adsorption of H2 onto the CO-preadsorbed
80%Co–8%ZrO2/SiO2. Thus, the presence of CO inhibited the adsorp-
tion of H2 on the surface of cobalt promoted by ZrO2. Without the
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L. Chen, J. Shen / Journal of Catalysis 279 (2011) 246–256 253
addition of ZrO2, this inhibition effect was more profound for the
adsorption of H2 on the CO-preadsorbed 80%Co/SiO2 (data not
shown).
3.6.2. Sequential adsorption of H2 and C2H4

Fig. 10 shows the results of microcalorimetric adsorption of
C2H4 onto the clean and H-preadsorbed catalysts. The heat vs. cov-
erage curve for the adsorption of C2H4 onto the surface of cobalt
displayed a maximum due to the formation of surface ethylidyne
species (CH3–C„) and H and the subsequent hydrogenation of
C2H4 to ethane that was released to the gas phase [50,51]. Because
of the generation of ethane during the adsorption of C2H4, the
amount of C2H4 adsorbed as calculated volumetrically and thus
the differential heat calculated by the heat released divided by
the amount of C2H4 adsorbed were not accurate. In addition, the
heat released due to the hydrogenation of ethylene also led to
the overcalculation of adsorption heat. Thus, the heat and coverage
presented in Fig. 10 for the adsorption of ethylene were nominal.
However, the changes in heat and coverage for the adsorption of
ethylene on the different catalysts were apparent.

Fig. 10a shows that the nominal initial heat and coverage were
about 100 kJ/mol and 45 lmol/g, respectively, for the adsorption of
C2H4 onto the clean 80%Co/SiO2. The maximum on the heat vs. cov-
erage curve was significantly enhanced for the adsorption of C2H4

on the H-preadsorbed 80%Co/SiO2 with the preadsorption of H2 at
303 K. The nominal heat and coverage were further enhanced for
the adsorption of C2H4 on the H-preadsorbed 80%Co/SiO2 with
the preadsorption of H2 at 423 K, indicating that the preadsorbed
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Fig. 10. Differential heat vs. coverage for ethylene adsorption onto clean and H2-
preadsorbed (C2H4/H2) 80%Co/SiO2 (a) and 80%Co–8%ZrO2/SiO2 (b) catalysts. The
catalysts were reduced and evacuated at 773 K. After the adsorption of H2 at 303 or
423 K and evacuation at 303 K, the microcalorimetric adsorption of ethylene was
performed at 303 K (C2H4/H2-303 K and C2H4/H2-423 K).
H promoted the dissociative adsorption of ethylene and the subse-
quent hydrogenation of adsorbed C2H4.

Fig. 10b shows that the nominal initial heat and coverage were
about 100 kJ/mol and 90 lmol/g, respectively, for the adsorption of
C2H4 onto the clean 80%Co–8%ZrO2/SiO2. When compared to the
adsorption of C2H4 on the clean 80%Co/SiO2, the dissociative
adsorption and hydrogenation of ethylene were significantly en-
hanced with the presence of ZrO2. The heat vs. coverage curves
were similar for the adsorption of C2H4 onto the clean and H-
preadsorbed 80%Co–8%ZrO2/SiO2 with the preadsorption of H2 at
303 K. However, the nominal heat and coverage were greatly en-
hanced for the adsorption of C2H4 onto the H-preadsorbed
80%Co–8%ZrO2/SiO2 with the preadsorption of H2 at 423 K. Com-
paring the results of adsorption of C2H4 onto the 80%Co/SiO2 and
80%Co–8%ZrO2/SiO2 with preadsorbed H2 at 423 K, it was apparent
that the H-preadsorbed surface of cobalt in 80%Co–8%ZrO2/SiO2

was much more active than that in 80%Co/SiO2 for the adsorption
and hydrogenation of ethylene.

Fig. 11 shows the effect of preadsorbed C2H4 on the adsorption
of H2 onto the 80%Co–8%ZrO2/SiO2. The nominal initial heat and
coverage were measured to be about 100 kJ/mol and 90 lmol/g,
respectively, for the adsorption of C2H4 at 303 K onto the clean
80%Co–8%ZrO2/SiO2. After evacuation at 303 K, some ethylidyne
and adsorbed ethylene must remain on the surface of 80%Co–
8%ZrO2/SiO2. However, the presence of surface species from the
adsorption of C2H4 at 303 K did not seem to affect the adsorption
of H2, since similar heat vs. coverage curves were obtained for
the adsorption of H2 onto the clean and C2H4-preadsorbed
80%Co–8%ZrO2/SiO2, as can be seen clearly in Fig. 11.

3.6.3. Sequential adsorption of CO and C2H4

Fig. 12 shows the results of microcalorimetric adsorption of CO
on the clean and C2H4-preadsorbed catalysts. Fig. 12a shows that
the initial heat and coverage for the adsorption of CO onto the
clean 80%Co/SiO2 at 303 K were about 90 kJ/mol and 87 lmol/g,
respectively. The initial heat was almost unchanged, while the cov-
erage of CO was decreased to about 67 lmol/g, when CO was ad-
sorbed onto the 80%Co/SiO2 with C2H4 preadsorbed. Similarly,
the initial heat and coverage for the adsorption of CO onto the
clean 80%Co–8%ZrO2/SiO2 at 303 K were about 92 kJ/mol and
207 lmol/g, respectively. Again, the initial heat was almost un-
changed, while the coverage of CO was decreased to about
122 lmol/g, when CO was adsorbed onto the 80%Co–8%ZrO2/SiO2

with C2H4 preadsorbed, as can be seen in Fig. 12b. These results
indicated that the surface species such as ethylidyne formed from
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Fig. 11. Differential heat vs. coverage for H2 adsorption onto clean and ethylene-
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Fig. 12. Differential heats vs. coverage for CO adsorption onto clean and C2H4-
preadsorbed (CO/C2H4) 80%Co/SiO2 (a) and 80%Co–8%ZrO2/SiO2 (b) catalysts. The
catalysts were reduced and evacuated at 773 K. The microcalorimetric adsorption of
C2H4 and CO was performed at 303 K.
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Fig. 13. Differential heats vs. coverage for C2H4 adsorption onto clean and CO-
preadsorbed (C2H4/CO) 80%Co/SiO2 (a) and 80%Co–8%ZrO2/SiO2 (b) catalysts. The
catalysts were reduced and evacuated at 773 K. The microcalorimetric adsorption of
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the adsorption of C2H4 at 303 K occupied the surface cobalt sites in
80%Co/SiO2 and 80%Co–8%ZrO2/SiO2 for the adsorption of CO.

The effect of preadsorbed CO on the adsorption of C2H4 onto the
80%Co/SiO2 and 80%Co–8%ZrO2/SiO2 catalysts was studied and the
results are shown in Fig. 13. Fig. 13a shows that the adsorption of
C2H4 onto SiO2 was negligible, and thus the possible effect of
adsorption of C2H4 on the support could be excluded. According
to the equation Tdes = 4DHads, about 30 lmol/g CO might remain
on the surface of 80%Co/SiO2 after adsorption of CO and then evac-
uation at 303 K. This was confirmed by the IR spectrum shown in
Fig. 5a. Fig. 13a shows that the heat vs. coverage curves for the
adsorption of ethylene onto the clean and CO-preadsorbed surfaces
of 80%Co/SiO2 were totally different. Both the initial heat and cov-
erage for the adsorption of C2H4 onto the CO-preadsorbed 80%Co/
SiO2 were significantly decreased, and the heat maximum was no
longer present on the heat vs. coverage curve. The initial heat
and coverage were measured to be 34 kJ/mol and 21 lmol/g,
respectively, for the adsorption of C2H4 onto the CO-preadsorbed
80%Co/SiO2. The results indicated that the presence of preadsorbed
CO inhibited the dissociative adsorption of C2H4. Because of the
low adsorption heat (634 kJ/mol), C2H4 must be adsorbed molecu-
larly (or p-bonded) on the CO-preadsorbed surface of cobalt in the
80%Co/SiO2 [50].

Fig. 13b shows that ZrO2/SiO2 adsorbed some C2H4 with heat
lower than 40 kJ/mol. Apparently, this was due to the adsorption
of C2H4 onto ZrO2, since the adsorption of C2H4 onto SiO2 was neg-
ligible. Thus, the presence of ZrO2 might favor the adsorption of
C2H4. The adsorption of C2H4 onto the clean 80%Co–8%ZrO2/SiO2

generated a heat vs. coverage curve with a heat maximum and
nominal initial heat and coverage of about 102 kJ/mol and
93 lmol/g, respectively. On the other hand, the adsorption of
C2H4 onto the CO-preadsorbed 80%Co–8%ZrO2/SiO2 was totally dif-
ferent. According to the equation Tdes = 4DHads, about 100 lmol/g
CO might remain on the surface of 80%Co–8%ZrO2/SiO2 after
adsorption of CO (see Fig. 13b) and then evacuation at 303 K. In
fact, the IR bands of adsorbed CO on 80%Co–8%ZrO2/SiO2 were sig-
nificantly more intensive than those on 80%Co/SiO2, as can be seen
from Figs. 5a and 5b. As mentioned above, the amount of CO that
remained on the 80%Co/SiO2 was about 30 lmol/g after evacuation
at 303 K. The initial heat and coverage were measured to be about
140 kJ/mol and 45 lmol/g, respectively, for the adsorption of C2H4

onto the CO-preadsorbed 80%Co–8%ZrO2/SiO2 without a heat max-
imum. Thus, the presence of preadsorbed CO inhibited the disso-
ciative adsorption of C2H4 onto the surface of Co promoted by
ZrO2. Notice the significant difference for the adsorption of C2H4

on the CO-preadsorbed 80%Co/SiO2 and 80%Co–8%ZrO2/SiO2. While
the initial heat and coverage were 34 kJ/mol and 21 lmol/g,
respectively, for the adsorption of C2H4 onto the CO-preadsorbed
80%Co/SiO2, they were 140 kJ/mol and 45 lmol/g, respectively,
for the adsorption of C2H4 onto the CO-preadsorbed 80%Co–
8%ZrO2/SiO2. Thus, the presence of ZrO2 greatly promoted the
adsorption of C2H4 onto the CO-preadsorbed cobalt sites. Because
of the high initial adsorption heat (140 kJ/mol), C2H4 must be ad-
sorbed mainly via di-r bonding on the CO-preadsorbed surface
of cobalt in 80%Co–8%ZrO2/SiO2 [50].

IR spectra were collected at 303 K for the adsorption
of C2H4 onto the clean and CO-preadsorbed 80%Co/SiO2 and
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80%Co–8%ZrO2/SiO2 catalysts. Fig. 14 shows the results. A band
around 1320 cm�1 was observed for the adsorption of C2H4 onto
the clean 80%Co/SiO2 and 80%Co–8%ZrO2/SiO2, which could be as-
signed to ethylidyne [50]. The band was more intensive for 80%Co–
8%ZrO2/SiO2 than for 80%Co/SiO2, indicating that more C2H4 was
dissociatively adsorbed on 80%Co–8%ZrO2/SiO2 than on 80%Co/
SiO2. This band disappeared for the adsorption of C2H4 onto the
CO-preadsorbed 80%Co/SiO2 and 80%Co–8%ZrO2/SiO2, indicating
the inhibition of dissociative adsorption of C2H4 for the formation
of ethylidyne by the presence of adsorbed CO. Instead, a broad
band around 1456 cm�1 was clearly seen for the adsorption of
C2H4 onto the CO-preadsorbed 80%Co–8%ZrO2/SiO2, which could
be attributed to di-r-bonded ethylene [50]. This band was absent
for the adsorption of C2H4 onto the CO-preadsorbed 80%Co/SiO2. In
addition, other bands were hardly observed for the adsorption of
C2H4 on the CO-preadsorbed 80%Co/SiO2. Thus, it may be inferred
that only p-bonded ethylene species might be weakly adsorbed
onto the CO-preadsorbed 80%Co/SiO2 (with initial heat about
34 kJ/mol), which might be completely desorbed upon evacuation
at 303 K. It should be mentioned that there were some di-r-
bonded ethylene formed upon the adsorption of C2H4 onto clean
80%Co/SiO2 and 80%Co–8%ZrO2/SiO2.

3.6.4. Discussion of the adsorption of CO, H2, and C2H4 onto cobalt
It is known that hydrogen atoms are adsorbed onto the three-

fold hollow sites on cobalt surfaces [52,53], while CO molecules
are adsorbed in bridged or linear forms onto cobalt. The adsorption
of C2H4 onto clean cobalt surfaces led to the formation of surface
ethylidyne and absorbed H atoms. Ethylene could also be bonded
to a metal surface via a p or di-r bond. These surface species are
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Fig. 14. Infrared spectra for the adsorption of ethylene at 303 K onto clean 80%Co/
SiO2 (a) and 80%Co–8%ZrO2/SiO2 (b) as well as onto CO-preadsorbed (C2H4/CO)
80%Co/SiO2 (c) and 80%Co–8%ZrO2/SiO2 (d). The catalysts were reduced and
evacuated at 773 K before the adsorption.

Fig. 15. Schematic diagram for the surface species from the adsorption of CO, H2,
and C2H4 onto the cobalt surface.
schematically depicted in Fig. 15. Apparently, the presence of ad-
sorbed H atoms would not affect the adsorption of CO and C2H4

geometrically, and vice versa. On the other hand, the adsorption
of CO and C2H4 would compete for the same surface cobalt sites.

Fig. 15 shows the possible geometric interactions among the ad-
sorbed surface species. The electronic effects among these surface
species are much more complicated. The results of sequential
adsorption of two probe molecules demonstrate such electronic
interactions among the adsorbed species. For example, pread-
sorbed H atoms promote the adsorption of CO onto cobalt surface
by enhancing the Co–CO bonding and CO coverage, while the
preadsorbed CO inhibits the dissociative adsorption of ethylene.
Adsorbed ethylene might be the basic unit for the propagation of
carbon chains in FTS reactions. Thus, the dissociative adsorption
of ethylene to form ethylidyne species was not desirable, since it
might be the precursor of coke deposits. The results of sequential
adsorption of CO and C2H4 suggested that the dissociative adsorp-
tion of ethylene would not occur on cobalt surfaces with pread-
sorbed CO. In addition, the nondissociative adsorption of C2H4

was significantly promoted by the presence of ZrO2. In fact, while
ethylene molecules might be adsorbed via p bonds onto the CO-
preadsorbed 80%Co/SiO2, they might be adsorbed via di-r bonds
onto the CO-preadsorbed 80%Co–ZrO2/SiO2. The di-r-bonded
C2H4 must be more easily activated than the p-bonded ones when
they are incorporated into carbon chains during the chain propaga-
tion. That might be why the presence of ZrO2 promoted selectivity
to Cþ5 during the FTS reactions over Co/SiO2 catalysts.

Thus, the presence of ZrO2 in 80%Co–ZrO2/SiO2 performed mul-
tiple functions. It improved the dispersion of cobalt and thus in-
creased the catalytic activity for FTS reactions. It promoted the
adsorption of CO and H2 and changed the adsorption state of
C2H4 on cobalt surfaces with preadsorbed CO. All these functions
were positive for the FTS reactions in terms of CO conversion and
Cþ5 selectivity.
4. Conclusions

Adsorbed H, CO, and methylene (or molecularly adsorbed ethyl-
ene) on Co are usually taken as the primary surface species that re-
act to form heavy hydrocarbons during FTS. Microcalorimetric
adsorption and infrared spectroscopy were used in this work to
determine the energetic interactions of these species with Co sur-
faces and their surface molecular structures, which were found to
be affected by the presence of ZrO2 as a promoter in Co/SiO2. Spe-
cifically, ZrO2 was found to promote the adsorption of H2 (by
enhancing the strength of Co–H bond) and CO (by increasing the
uptake) on Co. In addition, it affected the co-adsorption of H2,
CO, and ethylene on Co. For example, the preadsorbed H signifi-
cantly promoted the adsorption of CO and ethylene onto Co, and
this promotion effect was enhanced by the presence of ZrO2. While
the adsorption of ethylene onto clean Co led to the formation of
surface ethylidyne, which might cause coke deposition, such disso-
ciative adsorption of ethylene was inhibited on Co when CO was
co-adsorbed. In particular, ethylene was found to be mainly ad-
sorbed via p and di-r bonding on the CO-preadsorbed Co/SiO2

and Co–ZrO2/SiO2, respectively. Such molecularly adsorbed ethyl-
ene molecules on Co are expected to favor chain propagation dur-
ing Fischer–Tropsch synthesis. Thus, the presence of ZrO2

strengthened the bonding of molecularly adsorbed ethylene and
increased its uptake on Co with CO preadsorbed. This might be
an important factor in the significantly higher selectivity to Cþ5 of
Co/SiO2 catalysts promoted with ZrO2 during FTS. Based on the cur-
rent experimental results, quantum calculations may be used to
deepen understanding of the chain initiations and propagations
on Co during the Fischer–Tropsch reactions.
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