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a b s t r a c t

The effects of the addition of alkali metal and alkali-earth metal promoters over cobalt based catalyst
on Fischer–Tropsch activity and on hydrocarbon product distribution were studied. The influence of
promoters on the reducibility and cobalt particle size was studied by different techniques, including
N2 adsorption, X-ray diffraction, temperature-programmed reduction, temperature-programmed des-
orption and acid–base titrations. Experiments were carried out on a bench scale fixed bed reactor and
catalysts were prepared by incipient wetness impregnation. It was observed that the addition of small
amounts of these promoters (0.5 wt%) improved the cobalt oxide reducibility by reducing the formation
obalt catalyst
lkali-earth metal
lkali metal

of cobalt aluminate species. The interaction between cobalt oxide and promoted support was reduced
and larger cobalt oxide particles were formed on the surface. A positive correlation between basicity and
particle size was observed with the exception of K promoted sample. Furthermore, CO conversion and
C5

+ selectivity were found to be also influenced by the addition of promoters. An enhanced dispersion
that provides abundant catalytically active sites was observed on promoted catalyst. The addition of Ca

st gre
ane a
to the cobalt based cataly
a higher amount of meth

. Introduction

Global warming has pushed the necessity to reduce the emis-
ions of gases responsible for the Greenhouse effect, mainly CO2,
aused by the use of fossil fuels [1]. Coal gasification is a well estab-
ished technology for producing syngas (CO and H2) capable of
eing compatible with biomass and wastes as feedstock. The co-
asification of biomass with coal, could contribute to the reduction
f the fossil fuels dependency and CO2 emissions. Additional advan-
ages related with the low ash and sulphur content of biomass have
een reported by several authors [2]. ELCOGAS, located in Puertol-

ano (Spain) is a coal and petcoke gasification central integrated
ith combined cycle, IGCC, with exemplary environmental char-

cteristics. In a recent project the co-gasification of coal/petcoke
nd exhausted olive husk up to 10 wt% on the ELCOGAS IGCC plant
as been demonstrated to be feasible for the production of a called
iosyngas. Fischer–Tropsch synthesis (FTS) is a heterogeneously
atalyzed polymerization process which converts syngas (CO and
2) into hydrocarbons (liquid fuels). Thus, the transformation of

iomass to liquid appears as an attractive alternative as a clean,
enewable and sustainable energy source [3–5]. Water–gas shift
eaction was usually proposed to increase the H2/CO molar ratio
lose to 2 [6,7].

∗ Corresponding author. Tel.: +34 926 29 53 00x3509; fax: +34 926 29 52 56.
E-mail addresses: AnaRaquel.Osa@uclm.es, Anraqel@gmail.com (A.R. de la Osa).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.11.064
atly improved the diesel selectivity. However Ca promoted catalyst yield
t 242 ◦C than the Na sample.

© 2010 Elsevier B.V. All rights reserved.

Among the potential FTS catalysts, such as ruthenium, nickel,
iron and cobalt, only the last two appeared to be economically fea-
sible at an industrial scale. Fe-based catalysts are considered to
lead to more olefinic products and lower CH4 selectivity than Co-
based catalysts. Co-based catalysts are typically more active than
Fe-based catalysts though they require lower reaction temperature
[8]. Moreover, cobalt based catalysts were also widely used for FTS
due to their high selectivity to linear paraffins, low water–gas shift
activity and stability toward deactivation by water [9]. Some inor-
ganic supports with high surface area such as silica and alumina
have been used to increase the surface area of the cobalt. However,
the formation of irreversible cobalt-aluminate during pretreatment
and under reaction conditions decreased the catalytic activity due
to the loss of active cobalt metal for catalyzing the reaction [10,11].
For alumina, the metal oxide–support interactions are stronger
than other supports such as titania and silica [12]. In order to sup-
press these interactions, noble metals such as ruthenium [13] and
rhenium [14] have been used as promoters. However, due to high
prices, their industrial application is restricted. Thus, less expen-
sive metal oxides have been investigated as promoters. It is known
that the addition of some metal oxide promoters to cobalt cata-
lysts could modify the support’s texture, suppress the formation of

cobalt-supported compounds and increase cobalt dispersion and
reducibility.

There are numerous papers studying the influence of the addi-
tion of alkali promoters on FTS over iron-based catalysts [15,16].
However, literature related to alkali promoter effect on cobalt cat-

dx.doi.org/10.1016/j.cattod.2010.11.064
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:AnaRaquel.Osa@uclm.es
mailto:Anraqel@gmail.com
dx.doi.org/10.1016/j.cattod.2010.11.064
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Fig. 1. Simplified process diagr

lysts is scarce [17] and there are only some separately studies on
he magnesium [18] or calcium [19] promoter effect. It is believed
hat the alkali addition to cobalt leads to an enhanced adsorp-
ion of carbon monoxide [20] and that the growth probability of
ischer–Tropsch synthesis increases up to ˛ = 0.87 in the presence
f alkali promoter [21]. However there is not any study of compari-
on between alkali-earth and alkali metal promoter on FTS activity
nd selectivity over cobalt-based catalyst.

The aim of the present work was to study the effects of the
ddition of different alkali and alkali-earth oxides as promoters of
cobalt-alumina based catalyst on the FTS activity and product

istribution, using a bench-scale experimental device.

. Experimental

.1. Bench scale set-up description

The facility which is fully automated and computerized consists
f three physically separated parts: feed (gas and liquid) and mixing
upply system, reaction system and products analysis system.

N2, H2 and CO (high purity supplied by PRAXAIR) are fed as the
ain gases. Each of these gases can be fed through two separate

ines that have the same elements but different flow rates. The
ench scale set-up included an Inconel fixed bed reactor (17.7 mm
D and 1000 mm length) for FT experiments.

The gaseous effluent was connected to the input of a gas chro-
atograph by means of a Peltier cell. The analysis system consisted

f both gas analysis system and liquid analysis system. The first one
onsisted of a MicroGC (CP-4900 MicroGC VARIAN) with two anal-
sis columns (Molsieve 5A for H2, N2, CH4 and CO and Pora Pack
column for CO2, ethane and propane) using Ar and He as carrier
ases, respectively. The liquid product distribution was measured
sing a GC-FID (Trace GC Ultra (Thermo Fisher Scientific)), which

ncluded an ultrafast capillary microcolumn.
Fig. 1 shows a schematic diagram of the experimental bench

cale plant for FT reaction.
the bench scale set up for FTS.

2.2. Catalyst preparation

2.2.1. Co/Al2O3
Catalyst Co/Al2O3 was prepared by incipient wetness impregna-

tion. The support, �-Al2O3, BET surface area 125 m2 g−1 and pore
volume 0.24 cm3 g−1 was impregnated with an aqueous solution of
cobalt nitrate [Co(NO3)2·6H2O] using two-steps incipient wetness
to give a final catalyst with 20 wt% cobalt. After each impregnation,
the catalyst was dried at 120 ◦C for 2 h. After the last impregnation
and drying, the catalyst was calcined at 550 ◦C for 6 h.

2.2.2. M-Co/Al2O3
Alkali-modified alumina-supported cobalt catalysts were pre-

pared by sequential impregnation. Alkali oxide-modified support
was prepared by impregnating �-Al2O3 with corresponding alkali
nitrate aqueous solution. The sample was dried at 120 ◦C overnight
and calcined in air at 550 ◦C for 6 h. Four samples with Ca, Mg, K
and Na content of 1.0 wt% of metal promoter were prepared. Then,
cobalt was impregnated into the alkali oxide-modified support to
produce a catalyst with 20 wt% cobalt using the same procedure
as in Section 2.2.1. The alkali-promoted catalysts were denoted as
M-Co/Al2O3, where M refers to alkali or alkali-earth metal in the
support. Table 1 shows alkali and cobalt content.

3. Catalyst characterization

3.1. Atomic absorption (AA)
In order to quantify the total amount of metal into the cata-
lyst, atomic absorption (AA) measurement, with an error of ±1%,
was made using a SPECTRAA 220FS analyzer with simple beam
and background correction. The sample was previously dissolved
in hydrofluoric acid and diluted to the interval of measurement.
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3.2. Textural characteristics

Surface area/porosity measurements, with an error of ±3%, were
conducted using a Micromeritics ASAP 2010 sorptometer appa-
ratus with N2 (at 77 K) as sorbate. Prior to analysis, the samples
were outgassed at 433 K under vacuum (6.6 × 10−9 bar) for 16 h.
The total specific surface areas were determined by the multi-point
BET method and pore size distributions were evaluated using the
standard BJH treatment [22].

3.3. X-ray powder diffraction (XRD)

X-ray diffraction patterns were determined by a Philips model
X’Pert MPD with co-filtered Cu K� radiation (� = 1.54056 Å). The
spectra were recorded from 2� = 3◦ to 90◦ with 0.04◦ step using
a 0.4 s acquisition time per step. The identification of the phases
was made with the help of JCPDS files (joint committee on powder
diffraction standards). The average crystallite size of Co3O4 was
calculated according to Scherrer’s equation [23].

3.4. Temperature programmed reduction (TPR)

TPR measurements of the catalysts were carried out in an
Autochem HP 2950 analyzer. After loading, the sample was out-
gassed by heating at 10 ◦C min−1 in an argon flow up to the
calcination temperature of the sample and kept constant at this
temperature for 30 min. Next, it was cooled to room temperature
and stabilized under an argon/hydrogen flow (≥99.9990% purity,
83/17 volumetric ratio). The temperature and detector signal were
then continuously recorded while heating at 10 ◦C min−1 up to
900 ◦C. The liquid formed during the reduction process was retained
by a cooling trap placed between the sample and the detector. TPR
profiles were reproducible, standard deviations for the tempera-
ture of the peak maxima being ±2%.

3.5. Thermal analysis (TG/DTG)

Thermal analysis, the thermogravimetric (TG) and differential
thermogravimetric (DTG) analysis, of alkaline-nitrates used was
conducted using a TA INSTRUMENTS model SDT Q600 apparatus.
TG and DTG curves were recorded in flowing nitrogen in the range
from room temperature to 600 ◦C (heating rate 10 ◦C min−1). For
analysis, 7 mg of a sample was loaded in a platinum crucible.

3.6. Acid/base titrations

Acid/base titrations were performed in a Metrohm 686 titra-
tor with a Dosimat 665 automatic dosager. Sample (25 mg) was
immersed in 50 cm3 solution of 0.1 M NaCl, basified to pH ca.
10.3 with NaOH (0.1 M) with constant stirring under a N2 atmo-
sphere. A 0.1 M HCl solution was used as the titrant, added dropwise
(3 cm3 h−1). The starting NaCl solution served as a blank [24–26].

3.7. Temperature programmed desorption (TPD)

The CO2 temperature programmed desorption (CO2-TPD) anal-
ysis was performed in the same system as used in TPR analysis.
CO2-TPD was used to obtain information on the basic sites of the
catalytic samples. The temperature of desorption and the maxi-
mum desorbed CO2 were illustrative of the strength and amount of
basic sites, respectively. The sample was firstly reduced by heating

at 5 ◦C min−1 under a flow of hydrogen/argon from room temper-
ature to 550 ◦C, holding this temperature during 120 min. After
cooling to 50 ◦C under flow of helium, CO2 was fed at a rate of
30 ml min−1 for 30 min. Later, the sample was purged with helium
for 1 h in order to eliminate physisorbed species. The temperature
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as ramped at 10 ◦C min−1 from 50 to 900 ◦C. Then, CO2-TPD data
ere acquired. The basic site density was obtained by the inte-

ration of area under the curve. The average relative error in the
asicity determination was lower than 3% [27].

.8. H2 chemisorption

H2 adsorption isotherms were measured at 35 ◦C in a standard
olumetric quartz apparatus (Micromeritics ASAP 2010) capable of
btaining a vacuum of 10−5 T or better. The reactor was loaded with
.7 g of catalyst. Before measurements, the catalysts were reduced

n flowing hydrogen with temperature programming from ambient
o 550 ◦C at a rate of 5 ◦C min−1. This temperature was maintained
or 2 h. After reduction, the samples were evacuated for 0.5 h at
50 ◦C before cooling to 35 ◦C, and the adsorption isotherm was
easured between 50 and 500 mmHg. The amount of hydrogen

hemisorbed was determined by extrapolating the linear part of
he isotherm to zero pressure. It is assumed that promoters do not
ontribute to the amount of hydrogen chemisorbed when calcu-
ating the dispersion [28] and that the adsorption stoichiometry is
:Co = 1. Assuming spherical particles, the Co0 particle size (dp) is

elated to the dispersion (D) through the following formula [29]:

p = 96
D

(1)

he average relative error in the dispersion determination was
16%.

. Activity test

Fischer–Tropsch synthesis was performed under 20 bars, which
s an operating pressure representative of the pressurized gasifi-
ation industrial process. A weighed sample of catalyst (5 g) was
acked in the bench scale Inconel reactor between layers of inert
aterial (SiC). Prior to Fischer–Tropsch synthesis, the catalyst was

retreated at atmospheric pressure by reduction with pure H2 at
50 ◦C (heating rate 5 ◦C min−1) for 2 h. After reduction, the catalyst
as flushed with N2 at 220 ◦C getting pressure rise up to 20 bars.
atalytic activity has been studied in the temperature range of
10–300 ◦C. Gas space velocity (SV) was set on 6000 h−1 and H2/CO
olar ratio was fixed to 2 (1.8 measured by GC analyzer) by adjust-

ng feed gas flow rate to provide the desired value. Once operating
onditions remained stable, both effluent gas compositions before
nd after reaction were analyzed online, at 1 h intervals, by a CP-
900 Varian MicroGC (gas chromatograph). Selectivity to C5

+ was
alculated using the following equation:

+
5 selectivity(%) = 100 − CO2 selectivity(%)

− C1–C4 selectivity(%) (2)

oreover, liquid product recovered after 8–10 h at constant tem-
erature was pretreated in order to separate organic phase from
queous phase by diluting with n-hexane. Hence, liquid hydrocar-
on products distribution from organic phase was analyzed by a
C-FID (Trace GC Ultra) from Thermo Fisher Scientific. Diesel frac-

ion was considered in the C15–C18 hydrocarbon range.

. Results and discussion

.1. X-ray diffraction and H2-chemisorption
XRD patterns of the catalysts are presented in Fig. 2. Only crys-
alline Co3O4 phase and �-Al2O3 are observed after calcination.
eaks at 20◦ and 38.1◦ {3 1 1} are ascribed to �-alumina support
30,31] whereas peaks at 77–79◦ that corresponds to less than 3%
ould be related to CoAl2O4 (lattice plane of {5 3 3}) [32] or even
Fig. 2. XRD patterns for unpromoted and promoted-calcined Co/Al2O3 catalysts. �:
Co3O4; *: Al2O3.

from Al crucible. No peaks of Ca, Mg, K or Na-oxides are detected,
indicating that alkali and alkali-earth oxides were dispersed on
the support as a monolayer or formed spinel-like or tridymite-like
structure with no detectable interaction between the promoter and
support [33]. According to Bao et al. [19], alkali oxides promoted
catalysts have a tendency to form larger Co3O4 particle than alkali
oxide-free catalyst. It was noted that the average diameter was
larger than the support pore diameter so that some large Co3O4
were located on the external surface of the support. The average
Co3O4 particle size calculated for all catalysts from the Scherrer
equation (2�: 37◦ diffraction peak), together with the average Co0

particle sizes obtained from H2 chemisorption measurements, are
presented in Table 1. From XRD patterns it can be seen an increase
in cobalt crystalline size with alkali oxide promotion. As a conse-
quence of these results, the reducibility of alumina supported cobalt
promoted catalysts may be favored. The average Co3O4 particle
size, as determined by XRD, was the smallest for the Co/Al2O3-
supported catalyst. The largest Co3O4 particles were observed on
the K-Co/Al2O3 catalyst.

H2-chemisorption experiments showed very similar dispersion
values for all promoted catalysts which were two times higher than
the unpromoted one. Hence, similar average Co0 particle size for
promoted catalysts was found from the H2 chemisorption results.
In this case, the presence of a certain amount of alkali/alkali-earth
promoter resulted in a decrease in the average Co0 particle size.
Differences in particle size from XRD and H2 chemisorption may
be due to cobalt phases interacting with the support, especially in
case of unpromoted catalyst. If this phase is nonreducible at stan-
dard reduction condition, then it does not contribute to the particle
size obtained from H2 chemisorption and therefore a higher parti-
cle size was obtained for the unpromoted catalyst [34]. Thus, from
Table 1 it can be concluded that the presence of a certain amount of
alkali/alkali-earth promoter resulted in an enhancement of metallic
active sites arising from the increased dispersion.

5.2. Nitrogen adsorption measurement

The summarized results of surface area and pore volume for
both the support and the catalysts, calculated from the nitrogen
adsorption–desorption isotherms, are provided in Table 1. Fig. 3a
and b exhibits adsorption/desorption isotherms and BJH pore size
distribution, respectively. The N2 adsorption/desorption isotherm

associated to all of these catalysts (Fig. 3a) can be accounted for
as a type IV reference isotherms, according to the IUPAC classifica-
tion. The hysteresis loop due to capillary condensation at higher
partial pressures matches that observed for a type IV isotherm
and is associated with mesoporosity [35]. Upon impregnation of
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ig. 3. (a) Adsorption/desorption isotherms. (b) Average pore diameter distribu-
ion. , Co/Al2O3; , Ca-Co/Al2O3; , Mg-Co/Al2O3; ,
a-Co/Al2O3; , K-Co/Al2O3.

oth cobalt and alkali/alkali-earth-cobalt on the support, the sur-
ace area decreased, especially on promoted catalyst, indicating a
artial blockage of pores by the metal species. The correspond-

ng pore sizes shown in Table 1 are within the range of those that
orresponds to mesopores (2–50 nm) [35]. The pore size distribu-
ion (Fig. 3b) exhibited a peak maximum ca. 4.2 nm and 4.5 nm in
he case of alkali metal promoted catalysts and unpromoted cata-
yst, respectively, whereas alkali-earth promoted catalysts shifted
o 5.3 nm. Due to uniform pore distribution of cobalt impregnated
n Al2O3 support, the catalysts showed reduced pore volume and
verage size which means efficient deposition of cobalt species in
he inner pore of Al2O3 support. It was also noted that average
o3O4 particle size measured by XRD was larger than the sup-
ort pore size on all unpromoted and promoted catalysts. This may
e considered mainly due to the deposition of a large fraction of
he particles rather on the outside or occupying adjacent, inter-
onnecting, pore cavities of Al2O3 support. Since cobalt–support
nteractions depend on the type of support and cobalt particle size,
hen, it can be expected that larger particle size result in weaker

etal–support interaction, leading to high degree of the reduction
f cobalt species.

.3. H2-temperature programmed reduction and TG/DTG
It is generally accepted that the active sites for Fischer–Tropsch
ynthesis over cobalt-based catalysts are reduced Co metal surface
ites. As reported by Jacobs and coworkers, in the loading range
f 15–25% Co, Co/alumina catalysts generally exhibit two peaks in
PR, a sharp peak close to 350 ◦C that corresponds to the reduction
Fig. 4. TPR profiles: (a) unpromoted Co/Al2O3 catalyst and (b) promoted, calcined
Co/Al2O3 catalysts.

of Co3O4 to CoO, and a very broad peak at higher temperature that
corresponds to the reduction of CoO to metallic Co and is heavily
dependent on support type, porosity and crystallite size [36]. Thus,
the presence of a peak that extends up to temperatures as high as
800 ◦C can be ascribed to species of cobalt-aluminates. TPR profiles
of the catalysts are displayed in Fig. 4a and b, respectively.

As depicted in Fig. 4a, two major peaks for catalyst Co/Al2O3
were observed at temperature ranges of 420–455 ◦C, respectively.
The first peak could be assigned to the reduction of Co3O4 to
CoO. Jacobs et al. [36] also showed that Co3O4 underwent virtu-
ally 100% transition to CoO prior to the formation of Co below
400 ◦C. The second peak was ascribed to the subsequent reduction
of CoO to Co0 however, the existence of cobalt aluminate species
could not be excluded as was evidenced by the peak observed at
760 ◦C. Besides these reduction peaks, a small peak appeared at
about 225 ◦C. Some authors attributed this peak to the reduction
of residual cobalt nitrate [9,23,37], which decomposed completely
above 400 ◦C. In order to clarify the assignment of this peak a
TG/DTG analysis was done. Fig. 5 shows that the decomposition of
Co(NO3)2·6H2O in nitrogen was found to occur in four consecutive
endothermic processes. The latter one at 275 ◦C was ascribed to the
total transformation of cobalt nitrate to Co3O4 [38]. Since calcina-
tion temperature was set on 550 ◦C, and according to DTG results,
the reduction peak at 225 ◦C was not attributed to the reduction of
residual cobalt nitrate but to an incipient beginning of the reduction
of Co3O4 to CoO, as previously reported by Khodakov et al. [39].

Fig. 4b illustrates TPR profiles of metal promoted catalysts.
Alkali-earth promoted catalysts showed a similar TPR trend. Cat-

alyst Ca-Co/Al2O3 presented two main peaks at 337 ◦C and 570 ◦C
and catalyst Mg-Co/Al2O3 exhibited two main peaks at 342 ◦C and
577 ◦C, respectively. Besides these two reduction peaks, it also
appeared that the first peak attributed to incipient beginning of
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approximately 150 ◦C which can be attributed to the interaction
of CO2 with sites of weak basic strength. Alkali-earth promoted
samples exhibited a broad desorption peak with two maxima
at approximately 105 ◦C and 150 ◦C which also can be related
Fig. 5. TG/DTG curves of Co-nitrate.

he reduction of Co3O4 to CoO [40,41] shifted about 80 ◦C (Ca-
o/Al2O3) and 73 ◦C (Mg-Co/Al2O3) to lower temperature than for
he unpromoted catalyst. TG and DTG analysis of alkali-earth nitrate
alts (not shown) demonstrated that decomposed at temperatures
ower than 500 ◦C. The relative contribution of the species reduced
t lower temperatures can be ascribed to the lower strength of
nteraction between Co2+ and alumina support. TPR data revealed
hat the addition of alkali-earth metal promoters caused changes in
eduction behavior of the Co catalysts. As a consequence, the peak
ssociated with cobalt-aluminate compounds was not present in
hese profiles.

Alkali metal promoted catalysts also showed a similar reduction
ehavior than alkali-earth metal promoted catalysts. Catalyst Na-
o/Al2O3 presented two main peaks at 374 ◦C and 633 ◦C, while
atalyst K-Co/Al2O3 shifted to 368 ◦C and 647 ◦C, respectively.
esides these two reduction peaks, a small first peak also appeared
t about 160 ◦C in case of catalyst Na-Co/Al2O3. This peak was negli-
ible for K-Co/Al2O3 TPR profile. TG and DTG analysis of Na-nitrate
not shown) indicated that thermal decomposition still contin-
ed at temperatures higher than 500 ◦C. Then, TPR peak at 160 ◦C
ould be ascribed to either thermal decomposition or reduction of
esidual nitrate [42]. The peak associated with cobalt-aluminate
ompounds was neither present in these profiles. As shown with
lkali-earth-promoted catalysts, alkali-promoted catalysts were
oted to facilitate the reduction step. However, as alkali-metal pro-
oted catalyst possessed greater basicity according to CO2-TPD

nalysis (Table 1), the H2 adsorption can be diminished and led to a
ecrease in the H2 concentration on the catalyst surface; therefore,
he reducibility of these catalysts declined at higher temperatures
15].

From TPR and H2-chemisorption results, it can be concluded
hat the presence of a certain amount of alkali/alkali-earth pro-

oter seemed to favor reducibility if compare with the unpromoted
atalyst. Moreover, the greater activity of promoted catalysts with
espect to the unpromoted one could be justified by the enhance-
ent of metal dispersion.

.4. Acid–base titrations and CO2-temperature programmed
esorption

Fig. 6 presents the acid/base titration curves related to
ach of the catalysts studied. The curves were displaced to
igher HCl consumption values in the following order: Mg-
o/Al O ∼ Co/Al O < Ca-Co/Al O ∼ Na-Co/Al O < K-Co/Al O ,
2 3 2 3 2 3 2 3 2 3
hich was consistent with the oxides structure and their position

n periodic table. Surface basicity values, expressed as cm3 HCl
onsumed per gram of catalyst to achieve pH ≤ 7, are recorded
n Table 1. These measurements essentially represent the total
Fig. 6. Acid/base titration curves associated with blank, Co/Al2O3 and promoted
Co/Al2O3 catalysts.

number of surface basic sites and confirmed the introduction
of surface basicity post-alkali promotion. As expected, alkali
promoted catalysts, especially K-Co/Al2O3, showed higher basicity
values than alkali-earth promoted catalysts.

Fig. 7 illustrates the CO2-TPD profiles for these samples.
Alkali promoted samples showed a single desorption peak at
Fig. 7. CO2-TPD profiles: (a) alkali promoted catalysts and (b) alkali-earth promoted
catalysts.
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o the desorption of physically adsorbed CO2 in the metallic
hase. The amount of desorbed CO2 resulting from the addition
f alkali or alkali-earth metal promoters were larger than that
bserved for the sample Co-Al2O3 as recorded in Table 1. Catalyst
asicity increased in the order: Mg-Co/Al2O3 ∼ Co/Al2O3 < Ca-
o/Al2O3 < Na-Co/Al2O3 < K-Co/Al2O3, confirming the results
btained by acid–base titration technique. In all the samples, a
mall second desorption peak appeared at higher temperatures
650–675 ◦C), which may be ascribed to the decomposition of a
mall amount of metal carbonates formed during CO2 adsorption
43].

The crystalline structure of the Al2O3 support was not altered,
s confirmed by XRD analysis. However, the BET surface areas and
otal pore volumes exhibited a decrease in all the cases, espe-
ially K-Co/Al2O3. This behavior has been previously reported and
ttributed to a partial pore blockage. It was difficult to link differ-
nces in surface areas to catalyst basic behavior. Accordingly, some
tudies provided evidence that it was not only the amount of pro-
oter which was important but also the surface area of the catalyst

s well as the chemical nature of the other additives or impurities
resent. Thus, the intrinsic basicity of the alkali promoter must be
bove certain strength and the promoter must also cover a certain
raction of the catalyst surface [44]. It should be also noted that
asicity values greatly correlated to particle size measured by XRD
onfirming that the addition of alkali and alkali-earth promoter
ave a tendency to form larger Co3O4 particle than alkali-free cat-
lyst, as commented before. However, it has been observed from
2-chemisorption results that the presence of alkali and alkali-
arth promoters favored metallic active sites. Thus, the greater
ctivity of promoted catalysts with respect to the unpromoted one
ould be justified by the enhancement of metal dispersion whereas
he basic behavior could influence C5

+ hydrocarbon product distri-
ution.

.5. Fischer–Tropsch synthesis

The current focus on the FTS process deals with the produc-
ion of transportation fuel such us diesel, which can be maximized
ia oligomerization or hydrocracking of FTS effective hydrocar-
ons. Therefore, it is expected that more effective hydrocarbons
re produced via selectivity control, the addition of promoters or
ome other feasible ways. It have been also demonstrated that the
ddition of a strongly basic alkaline promoter is required to shift
he selectivity toward the more useful long-chain hydrocarbons
44]. It is well known that the addition of alkali to iron catalyst
auses and increase in both 1-alkene selectivity and the average
arbon number of produced hydrocarbons [45,46]. Studies on the
romoter effect of alkali on cobalt are rare due to the decrease

n the FTS rate by the alkali addition. However, recent studies
ave shown that some alkali oxide promoters involve larger Co3O4
articles resulting in high reducibility that provides more cobalt
ctive sites and hence, increased the catalytic activity. On the other
and, cobalt aluminate species hardly to reduce should be avoided
19,22,47–49].

.5.1. CO conversion
The steady-state performance of each cobalt-based catalyst at

0 bars and temperatures between 210 ◦C and 300 ◦C, after 6–7 h,
s illustrated in Fig. 8 and characterized in Table 2. For a syn-
hesis gas of H2/CO = 2/1, data results of CO conversion over the
atalysts promoted with Na and K from Group I alkali metals, Ca

nd Mg from Group II-alkali-earth metals and unpromoted catalyst
ere recorded. CO conversion seemed to be deeply dependent on

ncreasing reaction temperature. As expected, CO conversion was
nhanced, C1–C4 fraction was increased and C5

+ fraction dimin-
shed by increasing reaction temperature in all the samples. As
Fig. 8. Influence of temperature on CO conversion for alkali-promoted and non-
promoted catalysts. , Co/Al2O3; , Ca-Co/Al2O3; , Mg-Co/Al2O3;

, Na-Co/Al2O3; , K-Co/Al2O3.

reported by Farias et al. and Tian et al. it was found that the
increasing temperature promotes CO dissociation and provides
more surface C atoms for forming hydrocarbons. On the other hand,
the abundant surface H leads to more methane formation with
increasing reaction temperature [50,51].

In order to study the effect on Fischer–Tropsch synthesis activ-
ity and selectivity clearly, 220 ◦C, 242 ◦C and 300 ◦C were chosen
as representative temperatures of lower CO conversion and higher
CO conversion values for alkali-earth and alkali metal promoted
catalysts, respectively. It is important to note that alkali-metal
promoted catalysts presented a different behavior to alkali-earth-
metal promoted catalysts.

At lower CO conversion values (220 ◦C), unpromoted catalyst
showed slightly lower activity to that of alkali-earth catalysts
and sodium-promoted catalysts but potassium-promoted catalyst
yielded the lower CO conversion (up to approximately 250 ◦C).
In agreement with these results, it was found that the addition
of small amounts of potassium (0.0016–0.0066%) used as pro-
moter of cobalt/CNTs supported catalysts resulted in decreasing
FTS rate. It was also reported that the addition of 1.65–4% of
K to Mn-Ru/alumina decreased the activity of the catalyst for
total hydrocarbons production needing higher temperatures than
240 ◦C to reach similar FTS conversion values. Thus, potassium
promotion is found to may block (simply physically cover) the low-
coordination edge and corner sites for dissociative adsorption of
hydrogen so that the mobility of hydrogen is significantly restricted
[52–54] declining catalytic activity.

It can be noted that there seemed to be a direct relationship
between Co particle size of promoted catalysts and CO conversion
with the exception of potassium promoter. As some authors have
reported [19], the higher the particle size the higher the reducibil-
ity and, as a consequence, the higher catalytic activity. Co particle
size was related to basic behavior of catalyst. Thus, these results
suggested a direct proportionality between surface basicity and
hydrogenation rate [55]. Moreover, hydrogenation rate must be
favored by increasing metal active sites (as reported in Table 1)
which is related to the metallic dispersion. Hence, both effects were
observed to influence CO conversion.

At 242 ◦C, alkali-earth promoted catalysts deeply raised CO
conversion to the highest value (96–100%). Na- and K-promoted
catalyst slightly increased their conversion up to 25–31%, respec-

tively, being 300 ◦C needed to reach their higher CO conversion
value. These results are in agreement with those reported by
Luo et al. [56] that needed 270 ◦C to increase CO conversion to
50%. Unpromoted catalyst followed a similar trend to alkali metal
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Table 2
Influence of temperature. GHSV: 6000 h−1. H2/CO: 2.

Catalyst T (◦C) Co rate
(mol/mol Co h)

FTS rate
(mol/mol Co h)

CO2 rate
(mol/molCo.h)

XCO (%) XH2 (%) Hydrocarbon selectivity (%)

CO2 C1–C4 O/O + P (C2) O/O + P (C3) C5
+

Co/Al2O3

210 5.1 5.08 0.01 17.6 31.6 0.18 1.77 0.75 1.00 98.05
220 7.4 7.37 0.02 25.6 39.6 0.22 4.28 0.62 1.00 95.50
228 11.2 11.18 0.02 28.8 55.9 0.23 3.13 0.27 0.93 96.64
235 10.6 10.56 0.06 32.1 42.5 0.60 7.76 0.16 0.92 91.64
242 14.9 14.80 0.07 51.5 53.4 0.48 5.61 0.14 0.92 93.91
250 16.7 16.61 0.11 57.9 72.6 0.67 5.94 0.09 0.87 93.39
300 24.9 24.32 0.57 86.2 92.2 2.29 10.27 0.07 0.82 87.44

Ca-
Co/Al2O3

210 4.8 4.79 0.01 17.3 24.7 0.25 2.13 0.66 1.00 97.62
220 9.2 9.15 0.01 33.0 46.2 0.18 4.39 0.69 1.00 95.43
228 8.6 8.60 0.03 31.1 43.1 0.31 3.35 0.53 0.98 96.34
235 27.6 22.96 3.92 96.7 93.4 14.59 44.34 0.01 0.46 41.07
242 27.8 23.59 4.20 100.0 97.4 15.10 45.53 0.00 0.00 39.37

Mg-
Co/Al2O3

210 6.4 6.46 0.02 19.2 29.0 0.23 2.95 0.61 1.00 96.82
220 9.3 9.27 0.02 27.5 34.9 0.23 5.48 0.65 1.00 94.29
228 11.0 10.92 0.05 32.5 41.5 0.45 5.49 0.37 0.98 94.06
235 33.7 28.60 5.06 99.8 97.2 15.03 46.12 0.00 0.98 38.85
242 33.1 27.58 5.52 98.1 93.5 16.69 53.10 0.00 0.53 30.22

K-
Co/Al2O3

210 2.2 2.14 0.01 7.3 10.7 0.59 6.26 0.67 1.00 93.14
220 3.8 3.82 0.02 13.0 16.4 0.54 10.25 0.69 1.00 89.21
228 4.8 4.64 0.15 16.2 22.0 3.08 10.25 0.40 1.00 82.44
235 5.8 5.53 0.24 18.7 24.6 4.21 15.02 0.30 0.98 80.77
242 7.6 7.55 0.10 25.6 37.0 1.49 12.62 0.30 0.98 85.90
250 16.4 15.10 1.32 55.6 66.3 8.06 23.93 0.07 0.88 68.01
300 28.1 23.74 4.36 95.2 90.9 15.51 33.18 0.01 0.30 51.31

Na-

210 6.9 6.93 0.01 19.7 33.9 0.16 0.85 0.81 1.00 99.0
220 10.7 10.67 0.02 30.3 47.4 0.17 1.82 0.76 1.00 98.0
228 9.3 9.24 0.03 26.3 43.3 0.27 1.85 0.69 1.00 97.9
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lysts (from 5% to 45–50%) and at 300 ◦C for Na- and K-promoted
catalysts (up to 35%), respectively. As a consequence, selectivity to
C5

+ diminished up to 30% using alkali-earth catalyst while a 50%
was maintained in case of alkali metal catalyst.
Co/Al2O3
235 10.5 10.44 0.04
242 11.3 11.17 0.07
250 17.2 17.06 0.11
300 35.3 30.04 5.21

romoted catalysts. An explanation for alkali-earth promoted cat-
lysts behavior at 242 ◦C could be found in terms of hydrogen
pillover. On this basis, the enhanced CO and H2 conversions and
he increased CH4 selectivity (Table 2 and Fig. 10) can be well
xplained [57].

From these data, it can be concluded that the CO conversion
mproved in the presence of alkali/alkali-earth promoter due to an
nhancement of dispersion with consequently increase in active
ites at the same time reducibility is favored, with the exception of
-Co/Al2O3.

.5.2. Hydrocarbon selectivity
It is well known that the CO conversion level has an important

mpact on relative activities of FTS and WGS reaction over cobalt-
ased catalyst, resulting in different product selectivity values. The
GS reaction is a side-reaction accompanied with FTS. The CO can

e converted to either hydrocarbon by FTS reaction or CO2 via WGS
eaction. Then, the rate of CO2 formation is equal to the rate of the

GS.
Figs. 9–12 show the selectivity to carbon dioxide, C1–C4 fraction

nd higher hydrocarbons (C5
+) fraction obtained by FTS reactions

atalyzed with both alkali-earth and alkali-metal promoted cata-
ysts and unpromoted catalyst, respectively. Methane selectivity
nd lightweight hydrocarbons (C1–C4) showed an opposite trend
o C5

+ selectivity.
From these figures and data depicted in Table 2, it can be

bserved that, at lower conversion levels (220 ◦C), FTS is relatively
apid compared to WGS so that a higher fraction of CO was con-

erted to hydrocarbons. The addition of alkali-earth and alkali
etal promoters (except for K) seemed to favor FTS rate suggest-

ng inhibition of WGS reaction [16]. At this lower selectivity to CO2,
otassium promoter showed the highest selectivity value. This fact
ay be attributed to the tendency of larger cobalt particles for
9.7 45.4 0.38 2.81 0.53 0.98 96.8
1.9 45.0 0.65 4.80 0.42 0.96 94.6
8.7 56.9 0.64 1.97 0.33 0.95 97.4
0.0 94.2 14.79 35.83 0.01 0.62 49.4

H2O adsorption, which presumably participate in WGS reaction,
and leads to the production of CO2 [58,59].

The advantage of the more rapid FTS rate cannot be maintained
through CO conversion since the decreasing H2/CO ratio causes
the rate determining step to change from FTS to the WGS reac-
tion. Thus, at 242 ◦C, WGS rate and, consequently, selectivity to
CO2 increased, especially for alkali-earth metal promoted catalysts,
while 300 ◦C was needed in case of alkali metal promoted catalysts
(Fig. 9). Accordingly to these results, selectivity to C1–C4 fraction
was strongly increased at 242 ◦C for Ca- and Mg-promoted cata-
Fig. 9. Influence of temperature on selectivity to CO2 for alkali-promoted and non-
promoted catalyst. �: 220 ◦C, : 242 ◦C, and �: 300 ◦C.
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Fig. 10. Influence of temperature on selectivity to C1–C4 for alkali-promoted and
non-promoted catalysts. �: 220 ◦C, : 242 ◦C, and �: 300 ◦C.
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ig. 11. Influence of temperature on selectivity to C5
+ for alkali-promoted and non-

romoted catalysts. �: 220 ◦C, : 242 ◦C, and �: 300 ◦C.

Usually, high methane selectivity has been reported for low
educibility and high dispersion [60] attributed to the presence of
nreduced cobalt oxides catalyzing the WGS reaction, thus increas-
ng the effective H2/CO ratio at the catalyst surface. Ca oxide used as
romoter of cobalt-based catalyst have been reported [19] to favor
O conversion and selectivity to C5

+ and as shown in TPR profiles
Fig. 4b) alkali-earth promoted catalysts were found to enhance

ig. 12. Influence of promoters on product selectivity. Reaction temperature:
10 ◦C. Selectivity: �: CO2, : C1–C4, and �: C5

+; CO conversion.
Fig. 13. Influence of temperature on O/O + P (C2) for alkali-promoted and non-
promoted catalysts. �: 220 ◦C, : 242 ◦C, and �: 300 ◦C.

reducibility. However, our results showed a strong increase in CO2
and C1–C4 fraction and reduced the formation of C5

+
. The increase

in the CO2 formation rate can be attributed to the increase in water
partial pressure due an increase in FTS reaction rate [61]. The exces-
sive methane formation can be attributed to hydrogen spillover
related to a strong increase in CO conversion and H2 conversion, as
commented before.

Accordingly with Trépanier et al. [52], alkali metal promoted
catalysts produced lower methane selectivity. This fact can be
explained on the basis of partial pressure of hydrogen atoms on
alkalinized catalyst surface which in turn leads to a decrease in
the rate of chain termination step to paraffins (i.e. methane) in the
course of FT reaction. Increase in selectivity of higher molecular
weight hydrocarbons can be explained by the increased concen-
tration of �-olefins and readsorption and chain initiation of these
primary products on catalyst surface which lead to the ultimate
desorption of these �-olefins as larger products [62].

Finally and in order to make proper comparisons between cat-
alysts Fig. 12 shows product selectivity obtained by the different
catalysts at a fixed temperature of 210 ◦C and similar CO conver-
sion. Similar trend was observed at 228 ◦C. The only exception was
K-promoted sample that kept conversion under the desired value
until 250 ◦C. Hence, similar product distributions were observed for
unpromoted, Ca and Na promoted catalysts and a decrease in C5

+

formation in favor of CH4 production for Mg-promoted sample and
especially for K-promoted one.

Olefin ratio (O/O + P) was calculated from the following equa-
tion:

olefin ratio = olefin
olefin + paraffin

(3)

Figs. 13 and 14 show the olefin ratio from FTS over unpromoted cat-
alyst and alkali-metal and alkali-earth metal promoted catalysts.
The data showed that all unpromoted, alkali-metal and alkali-
earth metal promoted catalysts yielded similar C3 olefin ratio at
220 ◦C. The ethylene fraction, presented a slightly decrease from
Na-promoted catalyst to unpromoted catalyst, although similar
trend was observed for all the samples. At 242 ◦C, a propylene frac-
tion of 0.96–0.98 was obtained for alkali metal catalysts, which
was slightly higher than that of unpromoted catalyst (0.92). How-
ever, Mg-promoted catalyst reduced this fraction to 0.53 while it
was negligible in case of Ca-promoted catalyst. A similar effect

was observed for ethylene fraction. Na- and K-promoted catalyst
resulted in 0.42 and 0.30 values, respectively higher than that of
0.14 of the unpromoted catalyst. Ca- and Mg-promoted catalysts
did not produce ethylene. These results are in agreement with those
reported by Luo and Davis [63] and Gaube and Klein [17] where
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Fig. 14. Influence of temperature on O/O + P (C3) for alkali-promoted and non-
promoted catalysts. �: 220 ◦C, : 242 ◦C, and �: 300 ◦C.
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Fig. 16. (a) Influence of alkali-earth promoters on C5
+ hydrocarbon distribution. �:

T
C

ig. 15. Influence of temperature on C5
+ hydrocarbon distribution. Co/Al2O3 cata-

yst. �: 220 ◦C, : 235 ◦C, : 242 ◦C, and �: 300 ◦C.

he addition of alkali metal causes an increase in 1-alkene selectiv-
ty. Thus, the addition of alkali metal promoter was suggested to
uppress the hydrogenation activity better than alkali-earth metal
romoters.

Finally and accordingly to Ngantsoue et al. [64], the fraction of
lkenes was studied to decrease as the CO conversion increased.

Fig. 15 displays hydrocarbon distribution obtained with cata-
yst Co/Al2O3 at different temperatures. A similar behavior with
emperature was observed for promoted catalyst. As expected, an
ncrease in reaction temperature favors the shifting toward lighter
ydrocarbons formation. However, at all temperatures studied, and
specially at 220 ◦C, catalyst Co/Al2O3 yielded heavy paraffins, as a

esult of secondary reactions involving re-adsorption and incorpo-
ation of olefins into growing chains.

Fig. 16 and Table 3 show C5
+ hydrocarbon product distribution

or alkali and alkali-earth promoted catalyst and the non-promoted
ne. It was important to note that the promoter addition increases

able 3
5

+ hydrocarbon product distribution.

Sample Gasoline (C7–C10) (%) Kerosine (C11–C14) (%) Diesel (C15–C18)

Co/Al2O3 37.5 47.0 6.6
Ca-Co/Al2O3 0.3 10.9 49.7
Mg-Co/Al2O3 14.8 66.8 15.2
K-Co/Al2O3 11.1 35.1 26.2
Na-Co/Al2O3 13.8 52.8 21.5
Co/Al2O3, : Mg-Co/Al2O3, �: Ca-Co/Al2O3; (b) influence of alkali promoters on
C5

+ hydrocarbon distribution. �: Co/Al2O3, : Na-Co/Al2O3, and �: K-Co/Al2O3.
Reaction temperature: 242 ◦C.

the production of higher molecular weight hydrocarbons with-
out yielding heavy paraffins as compared with the free promoter
cobalt-based catalyst. The increase on the cobalt particle size due
to an increase on the basicity could be the responsible of this result,
as discussed before. Mg and Ca promoted samples were found to
favor higher molecular weight hydrocarbons but Ca sample shifted
to mainly diesel production (49.7%) (Fig. 16a). Na and K promoted
catalyst also shifted to higher molecular weight hydrocarbon prod-
uct as can be observed in Fig. 16b. Both samples were found to raise
similar diesel production (21.5% and 26%, respectively) but lower
than Ca promoted catalyst despite the metallic particle size. More-
over K promoted sample showed higher waxes production than Na
promoted one but very similar to Ca-promoted catalyst.
Taking into account the FTS results it can be concluded that the
addition of Ca to the cobalt based catalyst greatly improved diesel
selectivity. However Ca promoted catalyst yield a higher amount
of methane at 242 ◦C than the Na sample.

(%) Lubricants (C19–C20) (%) Waxes (C20
+) (%) Total diesel selectivity

0.7 10.8 6.2
16.8 22.4 19.5

1.2 2.1 4.6
8.8 18.8 22.5
4.6 7.2 20.4
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. Conclusion

A series of unpromoted and alkali and alkali-earth metal pro-
oted cobalt/alumina based catalysts were prepared in order to

tudy the effect of alkali oxide on the Fischer–Tropsch synthesis
ctivity and selectivity in a single bench scale fixed bed reactor. XRD
atterns, H2-chemisorption and TPR results showed that both alkali
nd alkali-earth oxides suppress the interaction between cobalt
xide and support resulting in an increased cobalt reducibility and
ore cobalt active sites. A positive correlation between basicity and

article size was observed with the exception of K promoted sam-
le. Furthermore, CO conversion and C5

+ selectivity were found to
e also influenced by the addition of promoters. It was shown that
he activity increased by the addition of promoters attributed to
he enhanced dispersion and reducibility that provided abundant
ctive sites. The addition of alkali metal caused an increase in 1-
lkene selectivity. Thus, the addition of alkali metal promoter was
uggested to suppress the hydrogenation activity better than alkali-
arth metal promoters. Moreover, the addition of Ca to the cobalt
ased catalyst greatly improved the diesel selectivity. However Ca
romoted catalyst yield a higher amount of methane at 242 ◦C than
he Na sample due to hydrogen spillover.
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