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This  paper  focuses  on the  influence  of different  modes  of sub-stoichiometric  addition  of  sorbitol  dur-
ing catalyst  preparation  on  the  structure  and  performance  of  alumina-supported  cobalt  catalysts  in
Fischer–Tropsch  synthesis.  The  catalysts  are  prepared  using  either  alumina  support  pretreated  with  sor-
bitol or  using  co-impregnation  of  alumina  support  or using  co-impregnation  of  calcined  cobalt  catalyst
or  catalyst  post-treatment  with  sorbitol.  It  is  found  that  the  catalyst  structure  and  catalytic  performance
eywords:
lean fuels
ischer–Tropsch synthesis
obalt catalyst
romotion

are  strongly  affected  by  sorbitol  addition  mode.  The  catalysts  prepared  using  support  pretreatment  with
sorbitol  or  sorbitol  addition  during  first  impregnation  step  display  an  enhanced  cobalt  dispersion  which
is  accompanied  by a  spectacular  increase  in  Fischer–Tropsch  reaction  rate  and  hydrocarbon  productivity.

© 2011 Elsevier B.V. All rights reserved.

orbitol

. Introduction

Fischer–Tropsch (FT) synthesis produces clean hydrocarbon
uels from natural gas, coal and biomass. Most of VIII group metals
ave measurable activity in carbon monoxide hydrogenation syn-
hesis, but they yield different products: hydrocarbons, alcohols,
cids, esters, etc. Cobalt supported catalysts have been particularly
uitable for the production of long-chain hydrocarbons [1–4]. It is
nown that the catalytic conversion of carbon monoxide occurs on
he cobalt metal sites. It has been shown that FT reaction rate is a
unction of cobalt dispersion, reducibility and catalyst stability. For
obalt particles larger than 6 nm,  higher concentrations of cobalt
etal sites typically favor higher FT reaction rates [5,6]. Deactiva-

ion is a major problem in FT synthesis and catalyst stability is also
mportant to obtain higher hydrocarbon productivity [7,8].

Preparation of cobalt FT catalysts involves several essential
teps. The catalysts for FT synthesis are commonly synthesized via
queous impregnation of porous oxide supports (silica, alumina,
itania, etc.) with the solutions of various cobalt salts [2,4,5],  gen-

rally cobalt nitrate. The impregnation is followed by oxidative
retreatment at high temperature to decompose cobalt precur-
or. To obtain catalysts with higher cobalt contents, the catalysts

∗ Corresponding author. Tel.: +33 3 20 33 54 39; fax: +33 3 20 43 65 61.
∗∗ Corresponding author. Fax: +33 3 20 43 65 61.
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ndrei.khodakov@univ-lille1.fr (A.Y. Khodakov).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.04.002
are generally prepared in several impregnation steps (due to the
restricted catalytic support porous volume and cobalt salt solu-
bility). Cobalt oxide species are then reduced to cobalt metallic
phase via thermal treatment with hydrogen. The catalyst struc-
ture is finally adjusted during FT reaction in an appropriate reactor
where the catalyst is exposed to syngas. Due to a higher surface
area, porosity and mechanical stability, alumina has been espe-
cially convenient for the design of cobalt FT catalysts even if its
chemical stability under reaction condition is still a pitfall especially
when unmodified alumina is used. Solid state reaction between
alumina and cobalt oxides could also result in the mixed oxide
phase (cobalt aluminate) which should be avoided since it does
not catalyze FT synthesis. Minimization of concentration of hardly
reducible cobalt aluminate and maximization of cobalt metal dis-
persion would enhance the catalytic performance.

Promotion with noble metals can solve many problems of
alumina-supported cobalt catalysts such as reducibility; hydro-
carbon selectivity, reaction rate and catalyst stability can also be
affected [9]. Use of noble metals for catalyst promotion leads how-
ever to a significant increase in catalyst cost and can drive down
the process efficiency.

It was  shown recently [10,11] that the addition of different
chelating molecules during catalyst impregnation could affect
deposition of cobalt phases, cobalt dispersion, number of cobalt

active sites in the reduced catalysts and catalytic performance.
Girardon et al. [12] showed that introduction of small quantities
of sucrose (saccharose) in the impregnating solutions enhanced
cobalt dispersion and led to a higher catalytic activity of silica sup-

dx.doi.org/10.1016/j.cattod.2011.04.002
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:anne.griboval@univ-lille1.fr
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Carbon monoxide hydrogenation was carried out in a fixed
bed reactor operating at 20 bar, molar ratio H2/CO = 2 and
GHSV = 5 NL h−1 g−1. The catalyst loading was  1 g. The samples
Fig. 1. Modes of sorbitol introduction in catalyst synthesis.

orted catalysts. Borg et al. [13] has recently uncovered that cobalt
article size and hydrocarbon selectivity of alumina-supported cat-
lysts could be efficiently controlled by the addition of polyols
ethylene glycol and diethylene glycol). Other organic compound
uch as the ethylenediamine has been used by Dumond et al. [14]
o prepare Co/Al2O3 catalysts. The mechanism of the modification
f catalyst structure by using organic agents and their influence on
he catalytic performance remain however rather erratic.

This paper explores the addition of sub-stoichiometric amounts
f sorbitol for the preparation of alumina-supported cobalt cata-
ysts. The catalysts were prepared using, either single or multiple
tep, impregnation(s) with and without sorbitol addition. Sorbitol
as chosen because of its high solubility in water and because

f its simpler structure in comparison with sucrose or glucose.
he organic agent was added to cobalt catalysts at different key
reparation steps. The catalysts have been characterized using a
omprehensive set of characterization techniques. The catalytic
erformance in FT synthesis has been measured in a fixed bed
icroreactor at total pressure of 20 bar.

. Experimental

.1. Catalysts

The reference cobalt catalysts were synthesized via incipient
etness impregnation of alumina (Puralox SCCA 5/170, Sasol,
ore volume = 0.47 cm3 g−1, average pore diameter = 8 nm by BJH
ethod) using aqueous solutions of cobalt nitrate. The cobalt

ontent in the catalysts was respectively 8 wt.% (in single impreg-
ation) and 15 wt.% (in two impregnation steps).

In some preparations the impregnating solutions contained also
orbitol (Aldrich). Sorbitol was added to the catalysts using 4
ifferent modes: (i) directly to alumina support for support pre-
reatment; (ii) to the cobalt nitrate solution which was  used to
mpregnate alumina support in the first impregnation step; (iii)
o cobalt impregnating solution in the second impregnation step,
iv) to the calcined alumina-supported cobalt catalysts for catalyst
ost-treatment. The Co/sorbitol molar ratio was 6 for support pre-
reatment and 10 for co-impregnation; these ratios were chosen
o avoid high exothermicity of sorbitol decomposition in air. Fig. 1
esumes the synthesis procedures. The catalysts obtained by co-
mpregnation are labeled as xCo/Al2O3-n-sorb where: x indicates
he cobalt content (8 or 15 wt.%), n-sorb coimpregnation step (n = 1
r 2) involving sorbitol. The catalysts prepared using alumina pre-
reatement with sorbitol are designated as sorb-xCo/Al2O3, while

he post-treated catalysts are labeled as xCo/Al2O3-post-sorb.

The impregnated catalysts were dried at 393 K and calcined at
73 K in a flow of dried air (heating ramp 1 K/min). For catalytic tests

n fixed bed reactor the catalysts containing 8 wt.% of cobalt were
day 171 (2011) 180– 185 181

impregnated to obtain the catalyst with 15 wt.% of cobalt using
conventional procedure (without sorbitol), dried and calcined.

2.2. Catalyst characterization

The catalysts have been characterized by a wide range of tech-
niques. Cobalt content was  measured by X-ray fluorescence. The
point of zero charge was measured by using a 0.1 M NaCl solu-
tion. 1.25 g of support was introduced to the volume corresponding
to 23.75 g of NaCl solution. The volume was sealed and the sus-
pension magnetically stirred for 24 h. After stirring, the pH of the
solution was  measured. Diffuse reflectance UV–vis spectra were
obtained at ambient conditions with a Varian-Cary 4 spectropho-
tometer. DSC–TGA (10–15 mg  sample loading) were carried out
in a flow of air at heating rate of 1 K/min using DSC–TGA SDT
2960 thermal analyzer. X-ray powder diffraction experiments were
conducted using a Bruker AXS D8 diffractometer using Cu(K�) radi-
ation for crystalline phase detection. The average crystallite size of
Co3O4 was calculated using the 511 (2�  = 59.5◦) diffraction lines
according to the Scherrer equation [15]. Surface analyses were
performed using a VG ESCALAB 220XL X-ray photoelectron spec-
trometer (XPS). The Alk� non-monochromatized line (1486.6 eV)
was  used for excitation with a 300 W-applied power. The analyzer
was  operated in a constant pass energy mode (Epass = 40 eV). Bind-
ing energies were referenced to the Al2p core level (74.6 eV) of
the Al2O3 support. Microstructural information was obtained from
High Angle Annular Dark-Field Transmission Electron Microscopy
(HAADF-TEM) using JEM-2100F JEOL microscope with resolution
of 0.2 nm.  An example of HAADF-TEM image for 8Co/Al2O3-1-sorb
catalyst is shown in Fig. 2. The average Co3O4 particle size was
calculated from HAADF-TEM images using the volume-averaged
particle size distribution histograms.

The reducibility of the catalysts was studied by temperature pro-
grammed reduction (TPR) using an AutoChem II 2920 apparatus
(Micromeritics), 0.5 g of the sample was treated by a 5 vol.% H2/Ar
stream (3600 cm3 h−1 g−1). The temperature was increased from
room temperature to 1273 K at a rate of 2.5 K/min.

2.3. Catalytic measurements
Fig. 2. HAADF-TEM image of 8Co/Al2O3-1-sorb catalyst.
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tical. This suggests that increasing cobalt content from 8 to 15 wt.%
in the reference catalysts does not change the relative fraction of
easy reducible cobalt oxide phases (Co3O4) and hardly reducible
cobalt species.
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ig. 3. UV–vis spectra of solutions (C = 0.8 mmol  L−1): (a) cobalt
itrate + sorbitol + HNO3 (Co/sor = 0.33), (b) cobalt nitrate + sorbitol (Co/sor = 0.33),
c)  cobalt nitrate + sorbitol (Co/sor = 10), (d) cobalt nitrate.

ere reduced in hydrogen flow during 10 h at 673 K with at
HSV = 2 NL h−1 g−1. After the reduction, the catalyst was  cooled
own to 463 K and a flow of premixed synthesis gas was  gradually

ntroduced through the catalyst. Then, the temperature was slowly
ncreased to 485 K. Gaseous reaction products were analyzed by
n-line gas chromatography. Analysis of H2, CO, CO2 and CH4 was
erformed using a packed CTR-1 column and a thermal conductiv-

ty detector. Hydrocarbons (C1–C7) were separated in a capillary
oraplot Q column and analyzed by a flame-ionization detector.
igh-molecular-weight products (C7

+ hydrocarbons) and water
ere collected in two condensers thermostated at 423 K and 283 K

espectively. The wax analysis was performed on a WCOT ULTI-
ETAL column (coating HT SIMDIST CB). The carbon monoxide

ontained 5% of nitrogen, which was used as an internal stan-
ard for calculating carbon monoxide conversion. Catalytic rates
nd selectivities were measured at steady state regime after 48 h
ime-on-stream. The reaction rates expressed in mol  h−1 g−1, were
efined as the number of moles of CO converted per hour per gram
f catalyst. Product selectivity (S) was reported as the percentage
f CO converted into a given product expressed in C atoms. Carbon
ass balances were respected within the margin of error of around

0% for all catalysts.

. Results and discussion

.1. Reference catalysts prepared without sorbitol

The reference 8Co/Al2O3 and 15Co/Al2O3 catalysts were pre-
ared using single or two-step incipient wetness impregnation
ith solutions of cobalt nitrate. The UV–vis spectra of the impreg-
ating cobalt nitrate solutions (Fig. 3) exhibit two  broad bands
t 470 nm (4T1g → 2A1g) and 510 nm ((4T1g (F) → 4T1g (P)) typical
f high-spin Co2+ ions in octahedral coordination [16–18].  Simi-
ar UV–vis spectra characteristic of isolated octahedral Co2+ ions

ere observed after cobalt deposition on alumina. In agreement
ith previous report [19] decomposition of cobalt nitrate in air
as endothermic and proceeded between 408 and 458 K and led to

ormation of Co3O4 crystallites. The DSC–TGA curves of 8Co/Al2O3
ere similar to that observed in our previous report [20]. Cobalt
article size in the calcined catalysts was measured using XRD, XPS
nd TEM (Table 1). XRD and TEM suggest that cobalt oxide crystal
ize was 9.6 nm in the 8Co/Al2O3 catalyst prepared using a sin-
le impregnation step, while in the 15Co/Al2O3 catalyst prepared

sing two impregnation steps cobalt particle size was  12.4 nm.  It is
nown that nCo/nAl atomic ratio determined by XPS also provides
nformation about the sizes of cobalt oxide particles [2,21].  Higher
oncentration of cobalt detected by XPS suggests smaller sizes of
day 171 (2011) 180– 185

cobalt oxide particles. Note that in agreement with XRD and TEM
data, XPS nCo/nAl atomic ratio does not much increase with cobalt
content: 0.06 compared with 0.05 respectively for 15Co/Al2O3 and
8Co/Al2O3 catalysts (Table 1). All these data indicate that cobalt
introduced in the second impregnation of the reference 8Co/Al2O3
sample does not probably contribute to the enhancement of metal
dispersion. Moreover, it can be suggested that cobalt introduced in
the second impregnation agglomerates preferentially on the Co3O4
particles already formed after the first impregnation step. This is
also consistent with an increase in Co3O4 particle size observed
by XRD and TEM after the second impregnation (Table 1): ∼12 nm
compared with ∼9 nm for 15Co/Al2O3 and 8Co/Al2O3 catalysts
respectively.

The TPR profiles of 15Co/Al2O3 and 8Co/Al2O3 catalysts (Fig. 4)
exhibit three groups of hydrogen consumption peaks: low, medium
and high temperature peaks. In agreement with previous reports
[20,22–25] the low temperature peaks observed between room
temperature and 650 K were mainly attributed to the reduction
of Co3O4 to CoO. The small shoulder at 453 K seems to be related
to the decomposition of residual un-decomposed nitrate species
in hydrogen [20]. The second group of peaks situated between
650 and 1023 K is mainly attributed to the reduction of CoO parti-
cles to metallic cobalt and cobalt species interacting strongly with
the support, while the high temperature peaks (T > 1023 K) could
probably be attributed to the reduction of cobalt aluminate com-
pounds and/or very small cobalt oxide particles. The fraction of
barely reducible cobalt species (cobalt aluminate species or smaller
cobalt oxide particles) in the catalysts was  estimated from the rel-
ative area of high temperature TPR peaks (Table 1). Note that the
shape of TPR profiles of 15Co/Al2O3 and 8Co/Al2O3 are almost iden-
127311731073973873773673573473373273
Temperature, K

Fig. 4. H2-TPR profiles of calcined catalysts with 8 wt.% (a) and 15 wt.% (b) cobalt
content.
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Table 1
Characterization of calcined cobalt supported catalysts.

Catalysts Cobalt content, % Sorbitol addition mode Co/sor ratio dCo3O4 XRD (nm) XPS nCo/nAl dCo3O4 TEM (nm) Fraction of
barely
reducible
cobalt, TPRa

8Co/Al2O3 7.5 – – 9.6 0.05 9.2 0.26
15Co/Al2O3 13.5 – – 12.4 0.06 11.8 0.27
Sorb-8Co/Al2O3 7.9 Support pretreatment 6 <5 0.14 – 0.55
Sorb-15Co/Al2O3 13.8 Support pretreatment 6 7.5 0.15 – 0.41
8Co/Al2O3-1-sorb 7.6 First impregnation 10 <5 0.12 4.9 0.50
15Co/Al2O3-1-sorb 13.5 First impregnation 10 7.9 0.12 5.6 0.56
15Co/Al2O3-2-sorb 13.4 Second Impregnation 10 11.4 0.09 – 0.27
15Co/Al2O3-post-sorb 14.0 Catalyst post treatment 6 12.0 0.05 – 0.30

(nCo/nAl) monolayer = 0.15 for 8%Co and 0.3 for 15% Co.
ensity
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catalyst 8Co/Al2O3-1-sorb are much smaller than in the 8Co/Al2O3
reference catalyst. This is consistent with previous results [12]
obtained for silica supported cobalt catalysts prepared with the
addition of sucrose. Addition of organic agent during impregna-
a The fraction of barely reducible cobalt species is estimated from the relative int

.2. Catalysts prepared using alumina support pretreated with
orbitol

The alumina support was impregnated with sorbitol followed
y drying at 493 K. Very small changes were observed in alumina
fter the impregnation. The point of zero charge of alumina was
lmost unaffected in the presence of sorbitol (PZC at pH = 8.3).
nly very small modifications of BET surface area and porosity
ere also observed. The dried alumina pretreated with sorbitol
as then impregnated with cobalt nitrate, dried and calcined in

ir to obtain sorb-8Co/Al2O3 catalyst. The support pretreatment
ith sorbitol results in dramatic enhancement of cobalt dispersion.
obalt oxide particle size drops from 9 nm in 8Co/Al2O3 to <5 nm in
orb-8Co/Al2O3 (Table 1). TPR (Fig. 4) data are consistent with these
esults. Thus, the smaller cobalt oxide particles have a much lower
educibility in sorb-8Co/Al2O3 than larger cobalt oxide particles in
eference 8Co/Al2O3 catalyst. The TPR data also show a significant
ncrease in the intensity of high temperature hydrogen consump-
ion peaks attributed to hardly reducible cobalt aluminate species
Table 1).

The second impregnation step conducted without sorbitol with
orb-8Co/Al2O3 catalyst to obtain sorb-15Co/Al2O3 does not result
n significant modification of cobalt dispersion (Table 1). The cobalt
xide particle size slightly increases from <5 nm to 7.5 nm but
emains very significantly smaller than in the reference 15Co/Al2O3
atalyst (∼12 nm). The TPR profiles of sorb-15Co/Al2O3 catalyst
Fig. 4) show some similarity with the reference 15Co/Al2O3, while
he concentration of barely reducible cobalt species is somewhat
igher in the sorbitol-derived sample than in 15Co/Al2O3. Thus,
he second impregnation step conducted with the catalyst obtained
rom alumina pretreated with sorbitol allows keeping cobalt dis-
ersion relatively high, while improves to some extent cobalt
educibility relative to sorb-8Co/Al2O3.

.3. Catalysts obtained using co-impregnation of alumina
upport with sorbitol and cobalt nitrate

The alumina support was co-impregnated using the solution
ontaining both cobalt nitrate and sorbitol. The UV–vis spectra of
his solution are identical to those of cobalt nitrate (Fig. 3). They
xhibit two broad bands at 470 nm and 510 nm typical for octahe-
ral Co2+ ions and a band at 300 nm attributed to nitrate ions. This
uggests that addition of this organic compound to the impregnat-
ng solution of cobalt nitrate does not considerably modify cobalt

oordination. Sorbitol did not either have much influence of the pH;
he cobalt nitrate solutions with and without sorbitol display pH at
bout 4.5. Note however that the UV–vis spectrum of cobalt nitrate
n the presence of sorbitol shows significant changes when an oxi-
 of high temperature TPR peak.

dizing agent has been added. Fig. 3a presents the spectrum obtained
in the presence of nitric acid with an organic compound/HNO3 ratio
of 3 and Co/sor = 0.33. Nitric acid is added first in the solution of sor-
bitol, and cobalt nitrate is added in a second step after 2 h at 313 K.
Several bands appear in the range of 340–390 nm (Fig. 3a compared
with Fig. 3c) corresponding to a transition (1A1g → 1T2g). This mod-
ification can be attributed to an oxidation of Co2+ into Co3+ ions
due to the oxidation of sorbitol into organic acid by nitric acid and
formation of metal complex [26–29].

Fig. 5 presents DSC–TGA curves in air flow during drying and
calcination of the catalysts prepared from cobalt nitrate with
sorbitol. Decomposition of cobalt precursor in the presence of sor-
bitol consists of two  steps. It takes place differently compared to
decomposition of cobalt nitrate without sorbitol [20]. The first
decomposition step proceeds between 393 and 438 K. It is relevant
to endothermic decomposition of cobalt nitrate. The second decom-
position step is exothermic. It occurs between at 438 and 479 K.
Sorbitol seems to have a major impact on the mechanism of cobalt
precursor decomposition and decomposition temperature. It can
be suggested that the exothermic decomposition step is related to
decomposition of cobalt complexes with carboxylic acid produced
by the oxidation of sorbitol (e.g. saccharic acid, gluconic acid) dur-
ing drying and calcination. Indeed sorbitol oxidation to carboxylic
acids was  observed in relatively mild conditions in cobalt nitrate
solutions.

Table 1 shows that cobalt particles in the dried and calcined
Fig. 5. DSC–TGA curves of 8Co/Al2O3-1-sorb catalyst (temperature ramp = 1 K/min).
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Table 2
Catalytic performance data (T = 485 K, 48 h on-stream, P = 20 bar, GHSV = 5 NL g−1 h−1).

Co/sor molar ratio Sorbitol addition mode XCO % FT rate (10−3 mol  h−1 g−1) S(CH4) (wt.%) S(C5+) (wt.%)  ̨ (C10–C70)

8Co/Al2O3 – – 11.6 10.0 7 88 0.84
15Co/Al2O3 – – 22.0 18.9 8 89 0.82
Sorb-15Co/Al2O3 6 Support pretreatment 61.1 52.5 8 87 –
15Co/Al2O3-1-sorb 10 First impregnation 45.6 39.2 7 89 0.88
15Co/Al O -2-sorb 10 Second impregnation 34.0 29.2 7 90 –
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15Co/Al2O3-post-sorb 6 Post-treatment 29.

ion results in the modification of cobalt precursor decomposition
echanism, higher exothermicity and higher cobalt dispersion.

he observed enhancement of cobalt dispersion is consistent with
PR profiles (Fig. 4a) which are indicative of a lower reducibility
f smaller cobalt oxide particles and of a higher concentration of
ardly reducible cobalt species in the co-impregnated 8Co/Al2O3-
-sorb catalyst (Table 1).

The second step impregnation of the 8Co/Al2O3-1-sorb catalyst
erformed with cobalt nitrate and without sorbitol results in the
5Co/Al2O3-1-sorb catalyst with much higher cobalt dispersion
han the reference 15Co/Al2O3 (Table 1). The cobalt oxide parti-
le size in 15Co/Al2O3-1-sorb was almost twice smaller than in
5Co/Al2O3 catalyst. The TPR data (Fig. 4b) suggest similar fraction
f easily reducible cobalt species after the introduction of cobalt
itrate in the second impregnation step. In fact, both cobalt dis-
ersion and reducibility in 15Co/Al2O3-1-sorb is almost the same
ompared to their sorb-15Co/Al2O3 counterpart obtained using
upport pretreatment.

.4. Catalyst prepared using co-impregnation of calcined cobalt
atalysts with sorbitol and cobalt nitrate

The 15Co/Al2O3-2-sorb catalyst is obtained by co-impregnation
f the 8Co/Al2O3 reference catalyst with the solutions containing
obalt nitrate and sorbitol followed by drying and calcination in
ir. We  have seen previously that sorbitol introduction during the
rst impregnation step increases cobalt dispersion. In contrast, XRD
nd XPS results show a relatively small effect of sorbitol on cobalt
ispersion when it is introduced in the second impregnation step
Table 1). Indeed, cobalt oxide particle size in 15Co/Al2O3-2-sorb is
early the same as in the reference 15Co/Al2O3 (11.4 nm compared
ith 12.4 nm). Moreover, the TPR profiles of the 15Co/Al2O3-2-sorb

atalyst (Fig. 4b) are almost exactly the same as for the refer-
nce 15Co/Al2O3 sample with similar fraction of hardly reducible
obalt species (Table 1). Thus, cobalt dispersion and reducibil-
ty seem not to be much affected by the addition of sorbitol
o the impregnating solution during the second impregnation
tep.

.5. Catalyst obtained using post-treatment with sorbitol

The post-treatment of cobalt catalysts was performed by adding
orbitol to the calcined 15Co/Al2O3 catalyst. Our goal was  to
ncover whether the catalyst post-treatment could modify to some
xtent cobalt dispersion. Indeed, very small influence of the post
reatment with sorbitol on cobalt dispersion and reducibility was
bserved in post-treated 15Co/Al2O3-post-sorb (Table 1). Cobalt
xide particle size was the same in the reference 15Co/Al2O3 and
n the 15Co/Al2O3-post-sorb catalyst. Almost identical TPR profiles

ere observed (Fig. 4b) showing similar concentration of hardly

educible cobalt species (Table 1). This suggests that the post treat-
ent of alumina-supported cobalt catalysts with sorbitol does

ot have any noticeable influence on the cobalt dispersion and
educibility.
25.6 6 90 0.88

3.6. Catalytic performance of reference and sorbitol-derived
catalysts

Table 2 displays catalytic performance data for 8Co/Al2O3 and
15Co/Al2O3 reference catalysts and for their counterparts prepared
with sorbitol addition. The data were obtained after 48 h on-stream
in a fixed bed reactor at total pressure of 20 bar, H2/CO = 2, at 485 K
and 5 NL h−1 g−1. The reaction rate is expressed in mol of CO con-
verted per hour and per gram of catalyst. FT reaction rates are
almost proportional to cobalt content over the reference 8Co/Al2O3
and 15Co/Al2O3 catalysts. The 15Co/Al2O3 catalyst is almost twice
more active than 8Co/Al2O3.

FT reaction rates over the catalysts prepared with the addition
of sorbitol are strongly affected by the sorbitol introduction modes.
Higher FT reaction rates were observed with the catalysts where
sorbitol was  added either for support pretreatment or in the first
impregnation step. Higher FT reaction rate over these catalysts
coincides with higher cobalt dispersion observed by characteri-
zation techniques. A much smaller effect was  uncovered for the
15Co/Al2O3-2-sorb catalyst prepared using sorbitol addition during
the second impregnation step or for 15Co/Al2O3-post-sorb cata-
lyst post-treated with sorbitol. This also coincides with much lower
effect of sorbitol on cobalt dispersion and reducibility in these cata-
lysts. The results (Table 2) show similar methane and C5+ selectivity
for all catalysts. In this work however, we  do not discuss further the
effect of sorbitol introduction modes on FT selectivity as catalysts
were tested at different conversions.

The catalytic results are consistent with the characterization
data. It is known that both cobalt dispersion and reducibility influ-
ence the number of active sites and catalytic performance of cobalt
FT catalysts in fixed bed reactor. It is generally assumed that an
increase in cobalt dispersion often coincides with a drop in cobalt
reducibility. Indeed, smaller cobalt particles are usually more dif-
ficult to reduce than larger ones [2,23] and they could strongly
interact with support. In this work higher hydrocarbon productiv-
ity is principally attributed to the enhancement in cobalt dispersion
on sorbitol addition which occurs without significant detriment
of reducibility. No increase in site-time yield could be expected
however. Indeed according to the work by Bezemer et al. [6],  the
site-time yield should decrease rather than increase with higher
cobalt dispersion. The best catalytic results in terms of cobalt time
yield are obtained for catalysts prepared with sorbitol when the
organic compound is introduced in pre-treatment or in the first
impregnation step (Table 2). The influence of sorbitol added dur-
ing the second impregnation step or catalyst post-treatment on
catalyst structure and catalytic performance is less pronounced.

Cobalt dispersion in FT catalysts is strongly affected by cobalt
phase nucleation and crystal growth phenomena. Our results show
that sorbitol does not form complexes with cobalt ions in the
impregnating solution. During oxidative pretreatments, e.g. drying
or early phase of calcination, sorbitol can be oxidized to carboxylic

acids such as saccharic or gluconic acids. DSC–TGA results suggest
that the complexes formed by cobalt ions and organic acids have
higher thermal stability than cobalt nitrate. Thus, these complexes
could be possibly considered as additional cobalt oxide nucleation
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ites for the crystallization of Co3O4 phase. Higher concentration of
obalt oxide nucleation sites in the sorbitol-derived catalysts would
ead to smaller crystallites, higher cobalt dispersion and better cat-
lytic performance.

. Conclusion

Addition of sorbitol during the preparation of alumina-
upported cobalt catalysts leads to significant modification of
atalyst structure and catalytic performance in FT synthesis. The
nfluence of sorbitol on cobalt dispersion, reducibility and FT reac-
ion rate is strongly affected by sorbitol addition mode. Both
lumina pretreatment with sorbitol or sorbitol addition during first
mpregnation step dramatically enhance cobalt dispersion while
inder to some extent cobalt reducibility. The catalysts prepared
sing alumina pretreatment with sorbitol or sorbitol addition dur-

ng first impregnation step exhibited a spectacular increase in FT
eaction rate. The influence of sorbitol added during the second
mpregnation step or catalyst post-treatment on catalyst structure
nd catalytic performance is less pronounced. These differences can
e interpreted by different mechanisms of decomposition of cobalt
recursor and crystallization of Co3O4 phase in alumina-supported
obalt catalysts.
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