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a b s t r a c t

A series of calcium oxide promoted cobalt catalysts were prepared by incipient wetness impregnation. The
influence of the calcium oxide on the dispersion, reducibility and cobalt particle size of the catalysts was
studied by different techniques, including N2 adsorption, X-ray diffraction, temperature-programmed
reduction, temperature-programmed desorption and oxygen titration. It was found that calcium oxide
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improved the cobalt oxide reducibility, especially for the reduction of CoO to Co . Since the interaction
between cobalt oxide and the calcium oxide promoted support was suppressed, larger Co3O4 particles
were formed on the surface. The catalytic activity for Fischer–Tropsch synthesis was evaluated in a con-
tinuous stirred tank reactor (CSTR). A positive correlation was observed between CO conversion, C5

+

selectivity and calcium oxide content. Furthermore, methane selectivity decreased with increasing cal-
coul
cium oxide content. These

sites.

. Introduction

Fischer–Tropsch synthesis (FTS) is an important gas-to-liquids
GTL) technology, which catalytically converts syngas to liquid fuels
ith no sulfur and aromatics content [1–3]. Cobalt based catalysts
ere widely used for FTS due to their high activity, high selectivity

o linear paraffins, low water-gas shift activity and stability toward
eactivation by water [4]. Some inorganic supports with high sur-

ace area such as silica and alumina have been used to increase the
urface area of the cobalt. Alumina is of great interest for slurry
hase processes such as in continuous slurry tank reactors since

t has a high surface area, high resistance to abrasion and is rela-
ively stable over a wide temperature range. However, formation of
rreversible cobalt-aluminate during pretreatment and under reac-
ion conditions decreased the catalytic activity due to loss of active
obalt metal for catalyzing the reaction [5,6]. For alumina, the metal
xide-support interactions are stronger than other supports such
s titania and silica [7]. In order to suppress these interactions,
oble metals such as ruthenium [8] and rhenium [9] have been used
s promoters. Indeed, these promoters can increase the reducibil-
ty and activity to a certain extent. However, due to high prices,
heir industrial application is restricted. Thus, less expensive metal
xides have been investigated as promoters.
It is known that addition of some metal oxide promoters to
obalt catalysts could modify the support’s texture, suppress the
ormation of cobalt-supported compounds and increase cobalt dis-
ersion and reducibility. It has been reported that some metal

∗ Corresponding author. Tel.: +86 2767843016; fax: +86 2767842752.
E-mail addresses: jinlinli@hotmail.com, lij@mail.scuec.edu.cn (J. Li).

381-1169/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.molcata.2009.01.022
d be attributed to the enhanced reducibility that provides abundant active

© 2009 Published by Elsevier B.V.

oxides, including ZrO2 [7,10], La2O3 [11], MnOx [12], ZnO [13]
and MgO [14], had significant effects on cobalt catalysts for
Fischer–Tropsch syntheses. Dias and Assaf [15] studied the effect
of calcium oxide content and the order of addition on the catalytic
properties of Ni/Al2O3 catalyst for CO2-reforming to methane. It
was found that when CaO was impregnated first followed by nickel
on Al2O3 support, calcium aluminate was formed, which reduced
the subsequent formation of nickel aluminate due to competition
between nickel and calcium for interaction with alumina. Quinco-
ces et al. [16] obtained similar results and found that CaO could
also prevent carbon deposition on the Ni/Al2O3 catalysts. Recently,
Andonova et al. [17] studied CaO modification on Al2O3 supported
Mo and Ni–Mo catalysts for hydrodesulfurization (HDS). The mod-
ified support showed higher pore volumes, stronger mechanical
strength and more resistance to coke formation and deactivation
than pure alumina.

The impact of calcium on the performance of iron-based cata-
lyst for Fischer–Tropsch synthesis has been reported recently [18].
However, information on CaO promotion to Co/�-Al2O3 catalyst
for Fischer–Tropsch synthesis is very limited. In the present work,
Co/Al2O3 catalysts modified with CaO were prepared and charac-
terized and the catalysts’ activity and selectivity were investigated.

2. Experimental

2.1. Catalyst preparation
2.1.1. Co/Al2O3
Co/Al2O3 catalyst was prepared by incipient wetness impregna-

tion. The support, �-Al2O3, BET surface area 230 m2 g−1, average
particle size 0.4–0.6 mm, pore volume 0.40 cm3 g−1, was first

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:jinlinli@hotmail.com
mailto:lij@mail.scuec.edu.cn
dx.doi.org/10.1016/j.molcata.2009.01.022
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alcined at 600 ◦C for 6 h. Cobalt nitrate [Co(NO3)2·6H2O] was dis-
olved in deionized water and impregnated into the support using
wo-steps incipient wetness to give a final catalyst with 15 wt%
obalt. After each impregnation, the catalyst was dried at 120 ◦C
or 12 h. After the last impregnation and drying, the catalyst was
alcined at 350 ◦C for 6 h.

.1.2. Co/Al2O3–CaO
CaO-modified alumina-supported cobalt catalysts were pre-

ared by sequential impregnation. Calcium oxide-modified support
as prepared by impregnating �-Al2O3 with calcium nitrate aque-
us solution. The sample was dried at 120 ◦C for 6 h and calcined in
ir at 550 ◦C for 6 h. In order to decompose calcium nitrate com-
letely, calcination temperature was set to 550 ◦C. Two samples
ith CaO contents of 0.5 and 1.0 wt% of support were prepared.

hen, cobalt was impregnated into the calcium oxide-modified
upport to produce a catalyst with 15 wt% cobalt using the same
rocedure as in Section 2.1.1. The CaO-promoted catalysts were
enoted as Co/Al2O3–nCaO, where n refers to wt% CaO in the sup-
ort.

.2. Catalyst characterization

.2.1. BET measurement
The BET surface area, pore volume and pore size distribu-

ion were calculated from the corresponding nitrogen adsorption
sotherms obtained at −196 ◦C in a Quantachrome Adsorb-1. Prior
o the adsorption measurements the samples were out-gassed at
00 ◦C for 6 h under vacuum (5 × 10−7 Pa).

.2.2. X-ray powder diffraction
X-ray diffraction patterns were determined by a Brukers-

8 diffractometer using mono-chromatized Cu K� radiation
� = 1.54056 Å) operated at 40 kV and 40 mA and collected by a
antec-1 detector within a wide 2-theta angular range. The spec-

ra were recorded from 2� = 10◦ to 80◦ with 0.0167◦ step using a
.2 s acquisition time per step. XRK 900 reactor chamber (Anton
aar) mounted on a goniometers was used for in situ investiga-
ions under different gas atmosphere. The sample temperature and
eaction gas flow through the sample were reliably controlled and
easured. The identification of the phases was made with the help

f JCPDS files (joint committee on powder diffraction standards).
he average crystallite size of Co3O4 was calculated according to
cherrer’s equation and Co3O4 particle size was converted to cobalt
etal particle size according to the formula below [19]:

(Co0) = 0.75d(Co3O4)

For in situ XRD measurement, the gas flow (H2 and 10%H2/Ar)
as fixed at 30 ml (NTP)/min and the heating rate at 10 ◦C/min.
t first, the catalyst was purged with N2 at 150 ◦C for 1 h to flush
way water and impurities. After cooling down to room tempera-
ure, the reduction gas was switched to the sample cell. For the pure
ydrogen condition, the temperature was increased from room
emperature to 450 ◦C, after which it was followed by several scans
ith a waiting period of 1 h between scans, while for 10%H2/Ar

eduction condition, the temperature was increased from room
emperature to 800 ◦C.

.2.3. Temperature programmed reduction (TPR)
Temperature programmed reduction experiments were carried
ut on a Zeton Altamira AMI-200 unit. Calcined catalysts were first
ushed with argon at 150 ◦C for 1 h and then cooled down to 50 ◦C.
ubsequently, the sample was heated to 800 ◦C at a heating ramp
ate of 10 ◦C/min under 10%H2/Ar mixture at 30 ml/min. TCD signals
ere recorded from 50 ◦C to 800 ◦C.
sis A: Chemical 304 (2009) 47–51

2.2.4. Temperature programmed desorption (TPD) and O2
titration

To investigate the cobalt dispersion and percentage reduction,
hydrogen temperature programmed desorption followed by re-
oxidation measurements were performed on a Zeton Altamira
AMI-200 unit. The catalysts were reduced in flowing H2 at 450 ◦C
for 12 h with a temperature ramp rate of 10 ◦C/min. The samples
were then cooled to 100 ◦C under hydrogen gas flow and purged
with argon at 100 ◦C for 1 h to remove physisorbed species prior to
increasing the temperature slowly to 450 ◦C. At that temperature,
the catalyst was held under flowing argon to desorb the remain-
ing chemisorbed hydrogen until the TCD signal returned to the
baseline. The TPD spectrum was integrated and the amount of des-
orbed hydrogen was determined by comparing the mean areas of
calibrated hydrogen pulses.

The reduced catalyst was re-oxidized at 450 ◦C by purging with
oxygen pulses, until no further consumption of O2 was detected
by the thermal conductivity detector located downstream. High
purity helium acted as reference gas for TCD. The extent of reduc-
tion was calculated assuming stoichiometric re-oxidation of Co to
Co3O4. All flow rates were set to 30 ml/min. The uncorrected dis-
persions are based on the assumption of complete reduction. The
formula for the calculation has been shown in previous studies
[7].

2.3. Fischer–Tropsch synthesis

Fischer–Tropsch synthesis was performed in a 1 L slurry-phase
continuously stirred tank reactor (CSTR). Prior to the reactor test, ca.
6.0 g catalyst was externally reduced at 450 ◦C under atmospheric
pressure of H2 with a flow rate of 6 SL/h g for 10 h. The reduced
catalyst was transferred to the CSTR loading with 300 g liquid wax
medium. The catalyst was reduced again at 280 ◦C for 14 h in a H2
flow of 30 NL/h in situ. After reduction the reactor temperature
was decreased to 180 ◦C, the syngas (molar ratio of H2/CO = 2.0,
GHSV = 3 SL/h g) was introduced and the pressure was increased
to 10 bar. The reaction temperature was then increased to 230 ◦C
and the effluent gaseous products were taken at 2 h intervals and
analyzed using on-line Agilent GC3000 with a TCD detector.

3. Results and discussion

3.1. Nitrogen adsorption measurement

The surface area, average pore diameter and pore volume for
the catalysts, calculated from the nitrogen adsorption–desorption
isotherms, are shown in Table 1. These values as well as pore
size distribution (not shown here) are similar for all the catalysts
suggesting that calcium oxide addition did not alter the physical
property of the support.

3.2. X-ray diffraction

XRD patterns of the catalysts are presented in Fig. 1. Only crys-
talline Co3O4 phase and �-Al2O3 are observed after calcination.
No peaks of CaO or other calcium compounds are detected, indi-
cating that CaO was dispersed on the support as a monolayer or
formed spinel-like or tridymite-like structure with no detectable
interaction between the promoter and support [20]. The average
crystalline size of Co3O4, calculated according to Scherrer’s equa-

tion from the line broadening of (3 1 1) diffraction peak, are shown
in Table 1. The average Co3O4 particle size increased with the CaO
loading. It is noted that the average diameter is larger than the sup-
port pore diameter so that some large Co3O4 were located on the
external surface of the support.
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Table 1
Surface area, pore volume and average pore diameter.

Catalyst Surface area (m2/g) Average pore diameter (nm) Pore volume (cm3/g) Co3O4 diametera (nm)

Co/Al2O3 131.5 9.2 0.41 9.5
Co/Al2O3–0.5CaO 135.0 9.1 0.42 12.6
Co/Al2O3–1.0CaO 135.5 9.4 0.42 13.1

a Average Co3O4 particle diameter obtained from XRD data.
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Fig. 3. In situ X-ray diffraction patterns of Co/Al2O3 catalyst reduced in H2.
ig. 1. X-ray diffraction patterns for unpromoted and promoted, calcined Co/Al2O3

atalysts.

The in situ XRD patterns of the Co/Al2O3 catalyst reduced
y 10%H2/Ar are shown in Fig. 2. As can be seen, reduction of
o/Al2O3 proceeded in two steps: Co3O4 to CoO and CoO to
o metal. The first step was completed at about 400 ◦C, as evi-
enced by the shift of the oxide diffraction of 36.9◦ (Co3O4)
o 36.5◦ (CoO) and appearance of the 42.5◦ and 61.6◦ lines.
he intensity of these lines decreased with increasing temper-
ture as CoO was gradually transformed to metallic cobalt. At
00 ◦C, CoO has completely been reduced. Figs. 3–5 display the
RD patterns of Co/Al2O3, Co/Al2O3–0.5CaO and Co/Al2O3–1.0CaO
atalysts measured in situ during the reduction under pure
ydrogen. All of the Co3O4 were reduced to CoO whereas the
xtent of further reduction to the metal phases varied depending

n the sample. In Co/Al2O3 catalyst, Co3O4 was transformed com-
letely to CoO at about 400 ◦C, then started to be further reduced
o metallic cobalt. However, the CoO lines were clearly visible even
fter 10 h at 450 ◦C. It is thus suggested that some CoO still remained
nreduced during the cobalt activation for the Fischer–Tropsch

ig. 2. In situ X-ray diffraction patterns of Co/Al2O3 catalyst reduced in H2/Ar.

Fig. 4. In situ X-ray diffraction patterns of Co/Al2O3–0.5CaO catalyst reduced in H2.

Fig. 5. In situ X-ray diffraction patterns of Co/Al2O3–1.0CaO catalyst reduced in H2.



50 A. Bao et al. / Journal of Molecular Catalysis A: Chemical 304 (2009) 47–51

Table 2
H2-temperature programmed desorption and O2 pulse re-oxidation results for catalysts.

Sample H2 desorbed (�mol/g) duncorr
a (%) Duncorr

b (nm) O2 uptake (�mol/g) dcorr
c (%) Reducibility (%) Dcorr

d (nm) De (nm)

Co/Al2O3 164.2 12.66 6.0 725.2 29.8 42.5 2.6 7.1
Co/Al2O3–0.5CaO 160.3 12.45 8.4 745.8 28.5 43.7 3.7 9.5
Co/Al2O3–1.0CaO 158.5 12.27 9.4 810.1 25.8 47.5 4.5 9.8

a The uncorrected catalyst dispersion.
b
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The uncorrected cobalt metal cluster diameter.
c The corrected catalyst dispersion.
d The corrected cobalt metal cluster diameter.
e Cobalt particle size calculated from XRD measurement, using d(Co0) = 0.75d(Co

ynthesis in this work. In contrast to Co/Al2O3, Co/Al2O3–0.5CaO
xhibited higher extent of reduction. Co3O4 was transformed to
oO at a lower temperature of 260 ◦C and CoO diffraction peaks
lmost disappeared after 10 h reduction. Co/Al2O3–1.0CaO catalyst
howed similar behavior to that of Co/Al2O3–0.5CaO, however, the
elative intensity of the reduced cobalt was higher than the other
wo. It is well known that cobalt ions interact with alumina support
o form cobalt aluminate which is difficult to reduce. The interac-
ion between the cobalt ions and the support is stronger when it is
urrounded by more Al3+ ions and become harder to reduce [21].
or calcium oxide promoted catalysts, calcium oxide was highly dis-
ersed on the support surface reducing the contact between cobalt

ons and support which decreases the number of Al3+ ions sur-
ounding the cobalt ions so that metal support interaction became
ncreasing weaker with higher calcium oxide content. As a con-
equence, the reducibility of alumina supported cobalt catalysts
ncreased significantly with calcium oxide promotion. In addition,
alcium oxides promoted catalysts have a tendency to form larger
o3O4 particle than calcium oxide-free catalyst. Figs. 3–5 showed
hat relative intensity of Co was higher for samples with larger oxide
articles, the reduction of which increases with increased particle
ize. The same conclusion was obtained by Castner et al. [22] from
heir study of hydrogen reduction of two Co catalysts supported on
ilica with different pore sizes. They found that the difficulty of the
eduction of CoO to Co increased with decreasing pore size of the
ilica and hence decreasing cobalt oxide particle size.

.3. H2-temperature programmed reduction

TPR profiles of the catalysts are displayed in Fig. 6. Two
ajor peaks for Co/Al2O3 were observed at temperature ranges
f 280–380 ◦C and 380–750 ◦C, respectively. Combined with the
n situ XRD patterns under reduction by 10%H2/Ar, the first peak
ould be assigned to the reduction of Co3O4 to CoO. Jacobs et al.
23] also showed that Co3O4 underwent virtually 100% transition

Fig. 6. TPR profiles of unpromoted and promoted, calcined catalysts.
to CoO prior to the formation of Co below 400 ◦C. The second peak
is ascribed to the subsequent reduction of CoO to Co0, however, the
existence of a cobalt aluminate could not be excluded. Besides these
two main reduction peaks, a small peak appeared at about 260 ◦C.
This peak could be attributed to the reduction of residual cobalt
nitrate [4,19], which decomposed completely above 400 ◦C [24].
There were also two major peaks for the Co/Al2O3–0.5CaO located
at 250–370 ◦C and 370–750 ◦C. It would appear that the broad peak
shifted about 40 ◦C to lower temperature than for the unpromoted
catalyst, indicating calcium oxide promotion caused changes in
reduction behavior of the Co catalysts. The relative contribution of
the species reduced at lower temperatures can be ascribed to the
lower strength of interaction between Co2+ and alumina support, as
observed in the in situ XRD data. Co/Al2O3–1.0CaO catalyst showed
a similar second step reduction peak with the first step reduction
peak occurring at a slightly higher temperature. It is noted that
CaO-promoted catalysts facilitated the nitrate reduction. For the
Co/Al2O3–0.5CaO catalyst, the peak shifted to lower temperature
and for Co/Al2O3–1.0CaO catalyst, the nitrate peak almost disap-
peared completely. The reason for this is not clear at the moment.

3.4. H2-temperature programmed desorption and O2 pulse
re-oxidation

Table 2 presents the H2-temperature programmed desorption
and O2 pulse re-oxidation data. It is clearly seen that calcium
oxide affected the dispersion, reducibility and cobalt particle size.
Both the catalyst’s reducibility and cobalt particle size increase
and dispersion decreases with calcium oxide addition, which is in
agreement with the in situ XRD results. Cobalt particle size calcu-
lated H2-chemisorption is smaller compared with XRD results. The
main reasons are probably that XRD measurement missed the small
particles and crystallite sizes obtained from XRD patterns could
overestimate the sizes of crystallite particles [25].

3.5. Fischer–Tropsch synthesis

Results of the Fischer–Tropsch synthesis tests are displayed
in Table 3. CO conversion and selectivity to higher hydrocarbon
increase with increasing calcium oxide content. However, methane

selectivity and light weight hydrocarbons (C2–C4) show an opposite
trend to C5

+ selectivity.
It is well known that reducibility plays an important role

in determining catalyst activity and selectivity. In this study, it
is shown that calcium oxide facilitated the cobalt oxide reduc-

Table 3
FTS reaction CO conversion and product distribution.

Catalysts CO conversion (%) Hydrocarbon selectivity (%)

CH4 C2 C3 C4 C5+

Co/Al2O3 35.31 12.18 1.19 4.05 4.82 77.75
Co/Al2O3–0.5CaO 37.93 9.88 0.99 3.55 4.29 81.30
Co/Al2O3–1.0CaO 39.67 8.61 1.04 3.12 3.70 83.54
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ion, especially for the reduction step of CoO to Co. During
ischer–Tropsch synthesis, it was known that high reducibility pro-
ided more cobalt active sites and hence, increased the catalytic
ctivity [2,6,26–29]. Thus, the increase in catalyst activity appeared
o be mainly due to the increased reducibility and formation of more
obalt active sites.

Cobalt catalyst shows a strong tendency for secondary reactions
nvolving re-adsorption and incorporation of reactive compounds,
uch as ethene and propene, into growing chains. If these smaller
roducts were re-adsorbed and acted as chain initiators, the selec-
ivity of the C5

+ fraction will increase. The calcium oxide modified
atalysts with higher reducibility provide more cobalt surface sites
han the calcium oxide-free catalyst. Thus, higher re-adsorption
f the �-olefins occurs. The re-adsorbed olefins participate in
he chain-growing process favoring the formation of high molec-
lar weight products. Methane selectivity is up to 12.18% for
npromoted catalyst. With calcium oxide addition, the methane
electivity decreased significantly to 9.88% for Co/Al2O3–0.5CaO
nd 8.61% for Co/Al2O3–1.0CaO catalyst. High methane selectiv-
ty has been reported for low reducibility and high dispersion [30]
ttributed to the presence of unreduced cobalt oxides catalyzing
he WGS reaction, thus increasing the effective H2/CO ratio at the
atalyst surface. The local increase of the H2/CO ratio near the sur-
ace Co0 sites would favor hydrogenation of the adsorbed species
eading to higher methane selectivity.

Tables 2 and 3 show that C5
+ selectivity increased along

ith cobalt particle size. Co/Al2O3–1.0CaO (4.5 nm) and
o/Al2O3–0.5CaO (3.7 nm), which have larger cobalt particle
han Co/Al2O3 (2.6 nm), have higher C5

+ and lower methane
electivities. It has been shown that the steric hindrance for
issociative adsorption of CO and olefin monomer and addition
f this monomer to the growing chain was lower on large cobalt
article [31]. On the other hand, the chain propagation and growth
robability on the surface of the larger cobalt particle is higher than
hat of smaller ones. Bezemer et al. [32] also obtained similar result
hat C5

+ selectivity increased with increasing cobalt particle size.
owever, they ascribed that to non-classical structure sensitivity

n combination with CO-induced surface reconstruction. In those
orks, inert material carbon nanotube and carbon nanofiber were
sed as support to avoid support influence to product selectivity
31,32]. As calcium oxide addition does not significantly change
he support property, the product selectivity could be ascribed to
particle size effect.

. Conclusion

A series of unpromoted and CaO-promoted Co/Al2O3 catalysts

ere studied using different characterization techniques. In situ
RD and TPR results show that calcium oxide suppresses the inter-
ction between cobalt oxide and support resulting in increased
obalt reducibility, more cobalt active sites and larger cobalt par-
icle size. The effect of calcium oxide on the Fischer–Tropsch

[
[

[

sis A: Chemical 304 (2009) 47–51 51

synthesis activity and selectivity investigated in a continuously
stirred tank reactor shows that the activity and C5

+ selectivity
increased and methane selectivity decreased with increasing cal-
cium oxide content attributed to the increased reducibility and
cobalt particle size.
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