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a b s t r a c t

Alumina was doped with lanthana, La2O3, by either impregnation or co-precipitation. The doped and
undoped alumina was then used as supports for the preparation of cobalt catalysts by incipient wetness
impregnation. The catalysts prepared were characterized by nitrogen adsorption–desorption, powder
X-ray diffraction, hydrogen temperature programmed reduction, hydrogen temperature programmed
eywords:
ischer-Tropsch synthesis
a2O3-doped Al2O3

obalt

desorption, O2-titration and diffuse reflectance infrared Fourier transform spectroscopy, and the catalytic
properties for Fischer-Tropsch synthesis (FTS) have been evaluated. The results showed that La2O3-
dopping impacted the catalytic performance significantly. The catalyst with the La2O3-doped support
prepared by co-precipitation showed better reducibility, activity and product selectivities. The higher
ratio of the octahedral to tetrahedral cobalt species of the co-precipitated catalyst relative to the catalyst

ight h
its vi
doped by impregnation m
species, distinguished by

. Introduction

Fischer-Tropsch synthesis (FTS) attracts much attention as an
ption for producing clean transportation fuels and chemicals by
onversion of natural gas or coal [1,2]. Cobalt-based catalysts are
ome of the most important candidates for FTS to produce high
olecular weight paraffinic waxes that can be hydrocracked to

roduce lubricants and diesel fuels [3]. To increase the number of
obalt active sites, the cobalt is dispersed as clusters on high sur-
ace area supports such as SiO2, TiO2 or Al2O3. Alumina is often
sed due to its favorable mechanical properties [4]. Previous stud-

es indicated that cobalt supported on alumina was not completely
educed to the metallic state because of significant metal-support
nteractions [3,5]. Chen and Zhang [6] found that when the metal
oading was lower than the dispersion capacity in the �-Al2O3 sup-
orted transition metal (Ni, Co or Cu) oxide catalysts, the supported
2+ ions were preferentially incorporated into the tetrahedral

acancies of �-Al2O3, and that the amount of M2+ ions incorporated
nto the octahedral vacancies increased with increased M2+ loading.
ince octahedral M2+ ions are easier to be reduced to the metallic

tate than the tetrahedral M2+ ions, researchers [7] tried to increase
he octahedral ratio of the M2+ (Ni2+ in the study) to increase the
egree of reduction. Similarly, many researchers [8–10] reported
hat the octahedrally coordinated cobalt FTS catalyst could also

∗ Corresponding author. Tel.: +86 027 67843016; fax: +86 027 67842752.
E-mail addresses: lij@mail.scuec.edu.cn, jinlinli@hotmail.com (J. Li).

381-1169/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2010.06.025
ave caused the enhanced performance. The presence of the hydrocarbonyl
brational feature, is directly related to CO conversion and chain-growth.

© 2010 Elsevier B.V. All rights reserved.

be more easily reduced than the cobalt in the tetrahedral envi-
ronment and hence, display better catalytic properties. Rare earth
metal oxides are often used as promoters in cobalt [11–13] and iron
[14] based CO hydrogenation catalysts (e.g., FTS [15]). Vada et al.
[12] studied a La3+/Co/Al2O3 system and found that La3+ increased
the overall activity and chain-growth probability when a low La3+

loading was used. Ren et al. [16] studied NiO/Al2O3 catalysts with
La3+ promoter, and found that the dispersed La3+ species on �-Al2O3
increased the ratio of octahedral Ni2+ ions to the tetrahedral ones,
and thus increased the degree of reduction of the catalysts. Ledford
et al. [13] studied two methods of preparing lanthanum promoted
Co/Al2O3 catalysts. They observed promotional effects only when
La3+ was impregnated first followed by cobalt, and for higher La3+

loadings, a La–Co mixed oxide was suggested to be formed and, in
turn, enhanced the dispersion of cobalt. In the present study, a sup-
port was prepared by co-precipitation consisting of �-Al2O3 doped
with La2O3 and then it was subsequently loaded with cobalt. It was
expected that when the lanthana was used as a dopant, a greater
fraction of octahedral sites will be formed on the surface of �-
Al2O3 crystallites and provide sites for Co ions during impregnation.
Also, it was anticipated that the co-precipitation procedure would
favor octahedral site formation relative to the case of impregnating
the lanthana, hence displacing Co to the preferred octahedral sites

providing a more facile reduction. In this contribution, a series of
lanthana doped alumina supports was prepared by impregnation
or co-precipitation. Cobalt was added to both the La2O3-doped and
undoped alumina by incipient wetness impregnation. The follow-
ing techniques were used to characterize the catalysts, including

dx.doi.org/10.1016/j.molcata.2010.06.025
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:lij@mail.scuec.edu.cn
mailto:jinlinli@hotmail.com
dx.doi.org/10.1016/j.molcata.2010.06.025


Cataly

n
h
t
a
(
r

2

2

2

p
l
t
t
k
(
p

b
a
i
L
l
i
m

2

d
n
f

2

2

c
m
r
a
i
p
g
fl
t
t
s
a
c
c
fi
d
l

2

b
o
B
f
B
t
s

Z. Cai et al. / Journal of Molecular

itrogen adsorption–desorption, powder X-ray diffraction (XRD),
ydrogen temperature programmed reduction (H2-TPR), hydrogen
emperature programmed desorption (H2-TPD) and O2-titration
nd diffuse reflectance infrared Fourier transform spectroscopy
DRIFTS). FTS reaction tests were carried out using a fixed bed
eactor.

. Experimental

.1. Catalyst preparation

.1.1. Preparation of supports
The La2O3-doped alumina support was prepared by co-

recipitation as follows: known amounts of aluminum nitrate and
anthamum nitrate solutions were mixed in appropriate propor-
ions. Ammonium hydroxide was added to the mixed solution
o precipitate the hydroxide. The pH value of the solution was
ept constant at 9.0 ± 0.1. The obtained support is denoted as LAP
2.9 wt% La2O3). Alumina support without La2O3 prepared by co-
recipitation was labeled as AP.

The support with the same loading of La2O3 was also prepared
y incipient wetness impregnation with the desired amount of
queous lanthanum nitrate on AP. The excess water was evaporated
n a rotary evaporator at around 363 K. This support was named
AI. A commercial La2O3-doped support (SASOL Germany GmbH),
abeled as LAS, was used as a reference. All the materials were dried
n an oven overnight at 393 K, crushed, and sieved to obtain 120

esh particles, followed by calcination at 1023 K for 6 h.

.1.2. Preparation of cobalt catalysts
The 12 wt% cobalt catalysts were prepared by impregnating the

ifferent synthesized supports with aqueous solutions of cobalt
itrate. The samples were dried at 393 K and calcined in air at 623 K

or 6 h, hereafter denoted as CAP, CLAI, CLAS and CLAP.

.2. Catalyst characterization

.2.1. Powder X-ray diffraction
The X-ray diffraction (XRD) measurements for the samples were

arried out using a Brukers D8 powder X-ray diffractometer with
onochromatic CuK� radiation and a VANTEC-1 detector over a 2�

ange of 20–80◦ with a step size of 0.0167◦, and from 35◦ to 40◦ with
step size of 0.008◦ steps for the crystallite size of cobalt oxide. The

n situ XRD measurement was carried out as follows. The sample,
laced in the XRK 900 reactor chamber (Anton paar) mounted on a
oniometer, was first purged with pure nitrogen at 423 K for 1 h to
ush away water and impurities. Pure hydrogen gas was introduced
o the cell after cooling to room temperature. The temperature was
hen increased to 723 K at a rate of 1 K/min, followed by several
cans taken in an interval of 1 h between scans. The sample temper-
ture and reduction gas admitted into the in situ cell were reliably
ontrolled and measured. The crystallite phase was detected by
omparing the patterns with those in the standard powder XRD
le compiled by the Joint Committee on Powder Diffraction Stan-
ards (JCPDS). The average Co3O4 crystallite size was calculated by

ine broadening analysis using the Scherrer equation [17].

.2.2. BET surface area and pore size distribution
The BET surface area and pore size distribution were measured

y nitrogen adsorption–desorption at the boiling temperature
f nitrogen (77 K) using a Quantachrome Autosorb-1-C-MS.

efore the measurement, the samples were outgassed at 473 K

or >6 h. The surface area was obtained by applying the
runauer–Emmett–Teller (BET) model for adsorption in a rela-
ive pressure range of 0.05–0.30. The total pore volume of each
ample was calculated from the amount of N2 vapor adsorbed
sis A: Chemical 330 (2010) 10–17 11

at a relative pressure of 0.99. Pore size distributions were eval-
uated from the desorption branches of the isotherms using the
Barrett–Joyner–Halenda (BJH) model.

2.2.3. Hydrogen temperature programmed reduction
The reduction profiles of the catalysts were measured by hydro-

gen temperature programmed reduction (H2-TPR) experiments
employing a Zeton Altamira AMI-200 unit. Calcined catalysts
(∼0.10 g) were placed in a U-shape quartz reactor, with a thermo-
couple for continuous temperature measurement. Samples were
first pretreated by flowing high purity argon at 423 K, and cooled
to 323 K, to remove water or other residual contaminants. Then,
10% H2/Ar (constant flow rate of 30 ml/min) was switched on and
the temperature was raised from 323 to 1073 K at a rate of 10 K/min,
and held for 30 min at 1073 K. Hydrogen consumption was moni-
tored using a thermal conductivity detector (TCD).

2.2.4. Hydrogen temperature programmed desorption
The dispersion and crystallite size of cobalt were measured by

hydrogen temperature programmed desorption (H2-TPD) using a
U-shaped quartz reactor and the Zeton Altamira AMI-200 unit. The
catalysts (∼0.15 g) were reduced at 723 K for 12 h and cooled to
373 K in flowing hydrogen. Prior to increasing the temperature
from 373 to 723 K at a rate of 10 K/min, the samples were held
at 373 K for 1 h under an argon stream to drive away weakly bound
physisorbed species. Then the catalysts were held at 723 K under
flowing argon to desorb the remaining chemisorbed hydrogen;
meanwhile, the TCD detector began to record the signal until it
returned to the baseline. The amount of desorbed hydrogen was cal-
culated by comparing the integrated TPD spectrum with the mean
areas of calibrated hydrogen pulses. The formula for the calculation
has been shown in previous works [18].

2.2.5. O2-titration
The degree of reduction was measured by O2-titration done in

the Zeton Altamira AMI-200 unit. The samples which had been
reduced in pure hydrogen at 723 K for 12 h were reoxidized at 723 K
by introducing pulses of high purity oxygen, until there was no
further consumption of O2, detected by the thermal conductivity
detector located downstream. The reference gas for TCD was high
purity helium. All flow rates were set to 30 ml/min. The extent of
catalyst reduction was calculated assuming stoichiometric reoxi-
dation of Co to Co3O4. The formula for the calculation is described
elsewhere [18].

2.2.6. Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS)

Adsorption properties of catalysts were measured by in situ
DRIFTS with a Nicolet NEXUS 6700 FTIR instrument. The spectral
resolution was 4 cm−1 and 32 scans were obtained for each spec-
trum. The DRIFTS unit contains a mercury cadmium telluride (MCT)
detector, and a diffuse reflectance attachment was used. High
purity carbon monoxide (>99.9%) and syngas (H2/CO = 2) served as
probe gases. Nitrogen (>99.999%) was used as the purge gas and
hydrogen (>99.999%) was used as the reducing gas. The gases were
cleaned prior to use by passing through gas purifiers. The catalysts
(30–40 mg) were placed in an infrared cell with ZnSe windows and
reduced in situ at 723 K for 10 h under atmospheric pressure in a
hydrogen stream at a flow rate of 20 ml/min. After the reduction
procedure, the system was cooled to the desired temperature and
the background spectra were recorded before the introduction of

probe gases. Each spectrum was referenced to a spectrum of the
catalyst collected at the desired temperature under H2 flow before
CO or syngas adsorption. Circulating water was used to cool the
body of the reaction chamber. A thermocouple located directly in
the sample was used for temperature control.
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Table 1
Surface area, average pore diameter and pore volume.

Sample Surface
area (m2/g)

Pore volume
(cm3/g)

Average pore
diameter (nm)

Crystallite
diameter (nm)a

AP 168.8 0.438 7.81 –
LAI 160.0 0.417 9.58 –
LAS 143.9 0.548 12.37 –
LAP 199.7 0.497 7.81 –
CAP 143.6 0.335 7.86 14.02
CLAI 127.7 0.306 9.55 14.14
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CLAS 121.9 0.430 12.38 14.17
CLAP 173.2 0.377 7.81 14.49

a Average Co3O4 particle diameter obtained from XRD line broadening analysis.

.3. Catalytic evaluation

FTS was performed in a fixed bed reactor (id = 12 mm) at 503 K
nd 1.0 MPa. The catalysts (ca. 0.5 g) were mixed with 5 g of car-
orundum to minimize the temperature gradient and reduced in
itu with H2 at atmosphere pressure. With H2 flowing (6 NL h−1 g−1,
98 K, 0.1 MPa), the reactor temperature was raised from room
emperature to 373 K at 2 K/min, increased to 723 K at a rate of
K/min, and held for 10 h. The reactor was then cooled to 373 K.
t that temperature, syngas, with space velocity of 4 SL g−1 h−1

273 K, 0.1 MPa), was switched on and the pressure was increased to
.0 MPa. The reactor temperature was increased to 503 K in 16 h and
he reaction was performed at 503 K. The reaction products were
ollected after more than 80 h of operation to achieve a good mass
alance at close to steady state, typically. The carbon monoxide
onversion and hydrocarbon selectivities were measured at steady
tate conditions over the period of operation. The discharged gases
ere analyzed online by an Agilent MicroGC 3000A gas chromato-

raph (GC). The analysis of the liquid product, which was collected
n the cold trap (269 K), was performed using an Agilent 6890N
C equipped with a flame ionization detector (FID). The solid wax,
hich was collected in the hot trap (373 K), was analyzed using an
gilent 7890A GC.

. Results and discussion

.1. BET surface area and porosity

The surface area, average pore diameter and pore volume data of
he supports and the cobalt catalysts are listed in Table 1. Lanthana
opping has a marginal influence on the pore volume. However, the
orosity of the supports was significantly affected by the prepara-
ion method. The co-precipitation method (LAP support) resulted
n the highest BET surface area, while the commercial support (LAS)
ave the lowest surface area but the widest average pore size. As can
e seen in Table 1, La2O3-dopping by the method of impregnation

ncreased the average pore diameter from 7.81 nm (for undoped
lumina support AP) to 9.58 nm (LAI), indicating that the impreg-
ation of lanthana caused some blocking of the narrower pores
elative to undoped AP. The impregnation with cobalt lowered both
he support surface area and the pore volume, and did not change
he average pore size, which suggests that some cobalt species have
ntered the pore of the supports.

.2. X-ray diffraction results

XRD patterns of the catalysts are presented in Fig. 1. The diffrac-
◦ ◦
ion peaks at 45.7 and 66.6 are attributed to the �-Al2O3 support

nd the peaks at 31.4◦, 36.9◦, 45.0◦, 59.5◦ and 65.5◦ are assigned
o the Co3O4 phase, which exists on all the catalysts [15]. The
iffraction peak of La2O3 phase could not be detected from the
RD patterns of catalysts, indicating that the La2O3 was highly dis-
Fig. 1. X-ray diffraction patterns for calcined catalysts (�: Co3O4; �: �-Al2O3).

persed on the support [19]. The size data of the Co3O4 crystallites
are shown in Table 1. Crystallite size of Co3O4 increased slightly on
dopping with La2O3, suggesting that La2O3 may have influenced
the Co3O4 crystal growth.

The in situ XRD patterns of catalysts reduced at 723 K under
H2 are shown in Figs. 2–5. For all the catalysts, the reduction with
H2 at 723 K for 5 h resulted in the reduction of most of the Co3O4
to metal Co. When the reduction temperature reached 573 K, the
Co3O4 phase of all the catalysts transformed to CoO, indicating that
Co3O4 reduction is fast regardless of the support composition and
structure. However, the diffraction peaks of Co metal for catalysts
doped with La2O3 can be found immediately as soon as the temper-
ature reached 723 K, but for CAP (without La2O3-dopping), these
peaks appeared only after having been reduced at 723 K for 1 h.
The relative peak intensity of the reduced cobalt in the catalyst
doped with La2O3 was higher than the undoped catalyst, which
suggests that dopping with La2O3 enhanced the reduction of CoO
phase to Co. For all catalysts except CLAP, peaks of CoO are still
found even after reduction in H2 at 723 K for 5 h. It is concluded
that CLAI showed similar reduction properties to that of CLAS, and
CLAP exhibited the highest extent of reduction.
Fig. 2. In situ X-ray diffraction patterns of CAP catalyst reduced in pure H2 (�: Co3O4;
�: �-Al2O3; +: CoO; #:Co0).



Z. Cai et al. / Journal of Molecular Catalysis A: Chemical 330 (2010) 10–17 13

Fig. 3. In situ X-ray diffraction patterns of CLAI catalyst reduced in pure H2 (�:
Co3O4; �: �-Al2O3; +: CoO; #:Co0).

Fig. 4. In situ X-ray diffraction patterns of CLAS catalyst reduced in pure H2 (�:
Co3O4; �: �-Al2O3; +: CoO; #:Co0).

Fig. 5. In situ X-ray diffraction patterns of CLAP catalyst reduced in pure H2 (�:
Co3O4; �: �-Al2O3; +: CoO; #:Co0).
Fig. 6. TPR spectra of calcined catalysts.

3.3. H2-temperature programmed reduction

The TPR spectra of catalysts are shown in Fig. 6. Three reduc-
tion peaks for Co/Al2O3 are observed at temperature ranges of
<573, 573–673 and >673 K, respectively. The peak at 573–673 K is
attributed to the reduction of Co3O4 to CoO [17]. The broad peak at
high temperature (>673 K) is ascribed to the subsequent reduction
of CoO to Co0 [20]. The appearance of the peaks at the different
reduction temperature suggests that all catalysts exhibited the dif-
ferent interactions between the metal and support [21,22]. Besides
two main reduction peaks, a small peak is observed below 573 K.
This peak could be attributed to the reductive decomposition of
residual Co(NO3)2 [23]. The reduction process was consistent with
the results of in situ XRD.

Table 2 presents the reduction degree calculated from the TPR
profile. All the Co3O4 can be reduced to Co0 in the whole temper-
ature program process for CLAP, In the temperature range above
673 K, assuming the H2 consumption to completely reduce CoO to
Co to be 2.04 mmol/gcatal, CoO was reduced to Co metal completely
for catalyst CLAP, while for the other catalysts, 70–86% of the CoO
could be reduced by the amount of H2 above this temperature. This
is due to the lower reducibility of these cobalt species with stronger
interaction with the supports. It is noticed that the reduction degree
of catalyst CLAP was above 100% which may be caused by the H2
consumption of the nitrate ions.

All reduction peaks of CAP appeared at higher reduction tem-
perature than the catalysts doped with La2O3, indicating that
La2O3-dopping increased catalyst reducibility. The methods of
La2O3-dopping markedly affected the reduction properties of
Co/Al2O3 catalysts. It should be noted that the second reduction

step (>673 K) of several catalysts comprised of broad peaks, which
may be due to different degrees of interaction between cobalt and
the support [24]. Also, the existence of cobalt aluminate cannot be
excluded, as it typically reduces at or above 1273 K. The reduction

Table 2
Reduction degree and H2 consumption for the TPR profile calculation.

Catalysts H2 consumption
for the peak
<673 K
(mmol/gcat)

H2 consumption
for the peak
>673 K
(mmol/gcat)

H2 consumption
for 373–1073 K
(mmol/gcat)

Reduction
degree (%)a

CAP 0.62 1.43 2.05 76
CLAI 0.70 1.68 2.38 88
CLAS 0.72 1.75 2.47 91
CLAP 0.82 2.03 2.85 105

a H2 consumption should be 2.72 mmol/gcat to reduce the Co3O4 to the metal
cobalt.
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Table 3
H2-temperature programmed desorption and O2 pulse reoxidation results for catalysts.

Sample H2 desorbed (�mol/g) duncorrected (%)a Duncorrected (nm)b O2 uptake (�mol/g) dcorrected (%)c Reducibility (%) Dcorrected (nm)d

CAP 183.2 17.99 5.7 579.3 42.37 42.46 2.4
CLAI 189.0 18.56 5.6 734.3 34.49 53.82 3.0
CLAS 193.5 19.00 5.4 736.8 35.19 54.00 2.9
CLAP 197.5 19.39 5.3 813.6 32.51 59.64 3.2
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a The uncorrected catalyst dispersion.
b The uncorrected cobalt metal cluster diameter.
c The corrected catalyst dispersion.
d The corrected cobalt metal cluster diameter.

eak above 673 K shifted to a lower temperature for catalyst CLAP
ompared with the catalysts CLAI and CLAS, and the intensity of
his broad peak increased. All the above results indicated that CLAP
xhibits the best reduction properties among the catalysts studied.

.4. H2-temperature programmed desorption and O2-oxidation

Table 3 presents the H2-temperature programmed desorption
nd O2-oxidation data. The La2O3-dopping increased the degree of
eduction of the catalysts significantly, and the method of La2O3-
opping affected the metal cobalt cluster size, dispersion and
educibility. Catalyst reducibility increased in the order of CLAI,
LAS to CLAP. Furthermore, the cobalt cluster size was increased
y the dopping of La2O3 and was slightly affected by the dopping
ethod. Khassin et al. [9] reported that the Co2+ cations which

ntered the support structure and occupied the octahedral posi-
ions could be reduced at lower temperature. For Mg2+ and Zn2+

romoted catalysts, promoter cations occupied the tetrahedral
ites of the supports and caused the Co2+ cations to occupy mainly
ctahedral sites, thus increasing the extent of reduction of the
atalyst. Catalyst performance parameters of the promoted cata-
ysts were significantly better than the unpromoted catalysts. In
he present work, it could be considered that in CLAP, the La2O3-
opping process carried out at the same time with the formation
f �-Al2O3 crystallite phase and the dispersed lanthanum species
n �-Al2O3 might inhibit the incorporation of cobalt species from
ntering the tetrahedral sites of �-Al2O3. When the La2O3-dopping
rocess was carried out after the formation of the support crystal-

ite phase in the CLAI catalyst, the impregnated La2O3 could not
nhibit the tetrahedral sites to the same degree as in the CLAP
atalyst, and thus the CLAI catalyst exhibited a lower degree of
eduction relative to the CLAP catalyst [6,9,10]. Similar finding was
eported by Ren et al. [16] in their studies of La2O3 promoted
iO/Al2O3 in which they found from the UV–VIS DRS, XRD and
PR results that the dispersed La3+ species inhibited the incor-
oration of Ni2+ ions into tetrahedral vacancies on the surface of
upport and increased the ratio of Ni2+ ions incorporated into the

ctahedral vacancies of �-Al2O3. Khassin et al. [8] studied Co–Al
o-precipitated catalysts for FTS, they observed that Co2+ occupied
ostly the octahedral sites in Mg2+ and Zn2+ promoted samples,

nd had higher reducibility and better catalytic performance. The
atalysts with cobalt cations in octahedral sites were found to be

able 4
TS reaction CO conversion and product distribution.

Catalysts CO conversion (%) CO2 selectivity (%)

CAP 28.04 1.88
CLAI 32.76 1.50
CLAS 33.06 1.64
CLAP 34.92 0.49

he catalysts were reduced in H2 at 723 K for 10 h before FTS.
eaction conditions: H2/CO = 2, space velocity of syngas: 4 SL g−1 h−1 (273 K, 0.1 MPa), tem
more active for FTS than those with cobalt cations in tetrahedral
sites [9,10].

3.5. Fischer-Tropsch synthesis catalytic tests

Results of the FTS tests are displayed in Table 4. CO conversion
and selectivities to heavy hydrocarbons increased with dopping of
La2O3.The activity of the La2O3-doped catalysts increased in the
order of CLAI < CLAS < CLAP which is consistent with the order of
reducibility. Selectivity for methane showed an opposite trend to
the activity. CLAP catalyst displayed the highest FT activity and the
lowest methane selectivity among the catalysts studied.

Previous studies on cobalt-based catalysts for FTS found that
high reducibility provided more cobalt active sites and hence,
increased the CO conversion rate by increasing the active site den-
sity [25–30]. In the present work, lanthanum oxide facilitated the
reduction of cobalt oxide dispersed on the supports, and the impact
was more significant in the case of the CLAP catalyst leading to
an increase in CO conversion. Methane selectivity was 13.19% for
the case of the unpromoted catalyst, CAP; however, with La2O3-
dopping, methane selectivity decreased significantly to 9.14% for
CLAS and 8.05% for CLAP. Vada et al. [12] reported that in the stud-
ies of the La3+ promotion in the Co/Al2O3 catalysts, the promoted
La3+ decreased the methane selectivity and increase the long chain-
growth ability. High methane selectivity has been reported in the
case of catalysts possessing low reducibility and high dispersion
[31], and is typically attributed to the presence of unreduced cobalt
oxides which catalyzed the WGS reaction, resulting in a higher
H2/CO ratio on the surface Co0 sites, which in turn tends toward
the hydrogenation of adsorbed species to lower carbon number
product. It should be mentioned that CLAP has the highest reduc-
tion degree, and CO2 selectivity was 0.49%, much lower than those
of CLAI (1.50%) and CLAS (1.64%); this lower WGS activity is thus
consistent with lower CH4 selectivity.

3.6. Diffuse reflectance infrared Fourier transform spectroscopy
3.6.1. DRIFTS spectra of CO adsorbed on reduced catalysts at
room temperature

The spectra of CO adsorbed on the surface of undoped and
La2O3-doped catalysts are shown in Fig. 7. The DRIFTS spectra
were recorded after reduction of the catalyst in hydrogen, introduc-

Hydrocarbon selectivity (%)

CH4 C2 C3 C4 C5+

13.19 1.44 2.96 5.26 75.28
8.57 0.83 2.31 4.01 82.79
9.14 1.15 2.32 3.99 81.75
8.05 0.91 2.39 3.81 84.36

perature: 503 K; pressure: 1.0 MPa.
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Fig. 7. DRIFTS spectra of CO adsorbed on reduced catalysts at 303 K.

ion of CO at room temperature (∼1 h), and purging with flowing
2.

Several bands located at 2054, 2033, 1976, 1935, 1891, and
801 cm−1 in addition to two broad bands appearing at 2171 and
120 cm−1 could be clearly resolved for all the catalysts. The bands
t 2171 and 2120 cm−1 have been assigned to residual weakly
dsorbed carbon monoxide [32]. The band positioned at 1801 cm−1

ould be assigned to CO adsorbed on metal cobalt sites [33]. The
and at 1891 cm−1 arises either from CO adsorbed in a bridged posi-
ion on Co (0001) or from monocarbonyls adsorbed on defect sites,
dges, or corners [34]. The bands located at 1935 and 1976 cm−1

re attributed to CO adsorbed on Co0 in the bridge conformation. It
hould be noted that the relative intensities of bands positioned at
pproximately 1891, 1935 and 2033 cm−1 correspond to the same
rend for CO conversion and the opposing trend towards methane
electivity (see Section 3.5), leading to the speculation that CO
dsorbed on the active cobalt phase sites resulted in the high prob-
bility for chain growth and low CH4 selectivity. Previous work [35]
eported that similar results were obtained for the in situ DRIFTS
n Co/SiO2 catalysts.

For the band located at around 2060 cm−1, Rygh et al. [36]
ssigned it to overlapping contributions from Co(CO) , CoHCO,
n

o�+-CO (0 <ı <2), and CO linearly adsorbed on Co (0001). This band
as observed in our previous studies, where we assigned it to CO

dsorbed on metallic cobalt sites [35]. In the present work, the
ntensity of the band at 2054 cm−1 for the CLAS catalyst was found

Fig. 8. DRIFTS spectra of syngas reaction on reduced CAP.
Fig. 9. DRIFTS spectra of syngas reaction on reduced CLAI.

to be strongest among all the catalysts. The methane selectivity was
the highest in this La2O3-doped catalyst, with intermediate activ-
ity. We propose that this band was due to multi-carbonyl species
on Co�+ with weak electron-donor properties [37].

3.6.2. DRIFTS spectra of syngas reaction on catalyst surfaces
The DRIFTS spectra corresponding to in situ syngas reaction over

reduced catalysts are shown in Figs. 8–11, recorded after catalyst
reduction and introduction of syngas (H2/CO = 2). The temperature
was raised from 303 to 673 K at a rate of 5 K min−1, and syngas flow
rate was 6 ml/min.

The spectra could be divided into four regions. There are four
bands in the region of 2800–3100 cm−1, corresponding to the �(CH)
modes of CH4 (3015 cm−1), CH3 (2968 cm−1), and CH2 (2927 and
2864 cm−1) [38–40]. The band at ∼2350 cm−1 is typical of CO2,
while that at ∼2143 cm−1 is due to residual gas phase CO. Those
in the region 1900–2100 cm−1 are linear- and bridge-bonded CO
adsorbed on cobalt sites. From the spectra of syngas adsorbed on the
catalysts and temperature programmed desorption experiments,
the following features are noted:

(1) Hydrocarbon species, located in the region 2800–3100 cm−1,

appeared on catalyst CAP at 473 K; which is 20 K higher than
for the other catalysts. The intensity of these bands on CLAP and
CLAS catalysts increases rapidly with increasing temperature.
In contrast, the hydrocarbon band intensities for catalysts CAP

Fig. 10. DRIFTS spectra of syngas reaction on reduced CLAS.
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Fig. 11. DRIFTS spectra of syngas reaction on reduced CLAP.

and CLAI were still very weak even at temperature of 553 K. This
suggests that CAP and CLAI catalysts have lower initial activity
and lower chain-growth probability relative to CLAP and CLAS.

2) For either CLAP or CLAS, the band intensity of CO2 (at 2364 and
2338 cm−1) was relatively unchanged in the temperature range
of 453–513 K and became stronger at temperatures >533 K,
while the bands assigned to hydrocarbon product increased
with increasing temperature. These indicate that the products
were mainly hydrocarbons and little CO2 was produced during
this heating process. This observation suggests that the tem-
perature range of 453–513 K is appropriate for FT synthesis.

3) All bands corresponding to linear- and bridge-bonded CO
became weaker with increasing temperature, and a new band
appeared at around 2060 cm−1 at 413 K. As the temperature
was increased further, the band shifted to lower wavenum-
bers to below 2030 cm−1 at 553 K. The assignment of the
band in the range of 2015–2060 cm−1 is still ambiguous since
its frequency is close to 2000 cm−1, the dividing line that
distinguishes between linear- and bridge-bonded CO absorp-
tion. Some researchers [41–43] attributed this new band at
2050–2060 cm−1 to a structure of the type HCoCO designated as
“hydrocarbonyl”. The formation of hydrocarbonyl was assumed

to be a prerequisite step in the overall reaction between coad-
sorbed H2 and CO. Chen et al. [44] ascribed the new band
at 2046 cm−1 to “carbonhydride”, which was supposed to be
formed by coadsorption of CO and H2 on Co0 active sites. We

Fig. 12. DRIFTS spectra of syngas adsorbed on reduced catalysts at 503 K.

[

[
[

sis A: Chemical 330 (2010) 10–17

also observed a band at around 2015–2029 cm−1 on Co/SiO2
catalysts in previous studies, and ascribed it to hydrocarbonyl
species [35]. From the current results, the new band at around
2060 cm−1 appeared at 413 K, followed by the appearance of
hydrocarbon bands (at the region of 2800–3100 cm−1) at 453 K.
The change in intensity of hydrocarbon species is consistent
with that of the new band (Fig. 12). It should be pointed out that
the new band located at 2020–2060 cm−1 is not only directly
related to the bands of hydrocarbons (2800–3100 cm−1), but
also related to CO conversion and chain-growth. The new band
at around 2020–2060 cm−1 which is ascribed to the “hydrocar-
bonyl” species, may be a vibrational feature of some reaction
intermediate. With increasing temperature, the intensity of the
new band became stronger and shifted to lower wavenumbers,
indicating that more hydrocarbonyl species were formed and
that the C–O bond became gradually weaker at higher temper-
atures.

4. Conclusions

The effect of preparation method of La2O3-doped Co/Al2O3 FTS
catalysts has been investigated by various characterization tech-
niques and catalytic testing using a fixed bed reactor. The following
conclusions can be drawn.

(1) The dopping of La2O3 strongly influenced the catalytic perfor-
mance. The Co catalyst with the La2O3-doped support prepared
by co-precipitation was more easily reducible, resulting in
higher FTS activity and lower methane selectivity.

(2) DRIFTS studies show that there is more CO adsorbed on
cobalt species for CLAP than the other catalysts; thus, the
catalyst displayed higher reducibility, activity, and lower
methane selectivity. The intensity of bands corresponding to
CO adsorbed on the catalysts with different supports follows
the order of CLAP > CLAS > CLAI > CAP, which is consistent with
the order of CO conversion for FT synthesis and the product
selectivities.

(3) The intensity of the band attributed to hydrocarbonyl species
showed a direct relationship with both CO conversion and
chain-growth for the CLAP catalyst, while CAP and CLAI dis-
played lower initial activity and chain-growth probability
relative to CLAP and CLAS.
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