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Abstract

Cobalt catalysts (ca. 20 wt% Co)supported on all-silica delaminated ITQ-2 and ITQ-6 zeolites have been prepared by impregnat
with aqueous Co(NO3)3 solutions. The catalysts have been characterized by X-ray diffraction (XRD), nitrogen adsorption, trans
electron microscopy (TEM), temperature-programmed reduction (TPR), and infrared spectroscopy of adsorbed CO. The catalytic
for the Fischer–Tropsch synthesis (FTS) reaction under typical FTS conditions (493 K, 20 bar, H2/CO = 2) have been evaluated, and t
results compared with those obtained over a conventional Co/SiO2 and a mesoporous Co/MCM-41 catalyst with comparable cobalt load
Co/ITQ-6 was the most active catalyst, with a FTS reaction rate which was about 1.5 and 1.8 times higher than that of Co/MCM
Co/SiO2, respectively. The high activity of Co/ITQ-6 is ascribed both to a relatively good dispersion (as observed by TEM) and to
reducibility (determined by TPR) of the supported Co3O4 particles. The dispersion and reducibility of cobalt particles in Co/ITQ-2 were
close to those in Co/SiO2. Consequently, both catalysts presented similar FTS reaction rates. In addition, Co/ITQ-6 and Co/ITQ-2 p
a higher selectivity toward the formation of C5+ hydrocarbons than Co/SiO2 and Co/MCM-41. The higher C5+ selectivity of the catalysts
based on the delaminated zeolites was ascribed to a higher concentration of coordinatively unsaturated Co0 sites which are characterized b
a band at 1897 cm−1 in the infrared spectrum of adsorbed CO. This type of site having an enhanced electron density might stabilize
hydrocarbon intermediates favoring chain growth processes.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The production of synthetic fuels, and particularly m
dle distillates, from natural gas through the Fischer–Trop
synthesis (FTS) process has received renewed interest in th
last years[1,2]. Among the different factors contributing t
this are the limited crude reserves and the decreasing
in the quality of the supplied oil,the vast reserves of natur
gas, the growing demand for middle distillates, the tigh
fuel specifications, and the excellent quality of the s

* Corresponding author. Fax: +34 96 3877809.
E-mail address: amart@itq.upv.es(A. Martínez).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.09.011
thetic distillates. Moreover, recent improvements achieve
the gas-to-liquid (GTL) technology making these proces
more efficient and cost competitive must also conside
[3–6]. In particular, diesel fuels produced by the FTS proc
offer significant advantages over those derived from cr
oil, as they are mainly formed by sulfur-free linear paraffi
possessing high cetane numbers (typically above 70)[7].

Cobalt-based FTS catalyst are preferred over Fe-b
systems for producing synthetic diesel fuels, since they
vor the formation of long-chainn-paraffins, are more stab
against deactivation by water (a by-product of the FTS
action), are less active for the competitive water gas-s
(WGS) reaction, and produce less oxygenates[8–10]. Typ-
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ically, the preparation of Co-based FTS catalysts invo
the impregnation of a cobalt precursor salt over a por
inorganic solid, followed by calcination and reduction. Ty
ical supports used for dispersing cobalt in FTS catalysts
amorphous SiO2, Al2O3, and to a lesser extent TiO2 [11].
According to Iglesia and co-workers[12,13], the FTS ac-
tivity of supported Co catalysts under conditions favor
high C5+ selectivity, is proportional to the concentrati
of surface Co0 sites (i.e., the turnover of Co0 is constant)
irrespective of the nature of the support used. Reuel
Barthlomew[14], however, found that turnover frequenc
of supported Co catalysts decreased with cobalt disper
This effect was ascribed either to changes in the sur
structure or to stronger cobalt-support interactions with
creasing particle size. Moreover, catalysts with a high den
sity of surface Co0 sites were seen to favor the formati
of high molecular weightn-paraffins[13], which are de-
sired for maximizing the production of diesel-range hyd
carbons. For a given cobalt loading, the number of sur
Co0 sites in the reduced catalysts will mainly depend on
parameters, the dispersion and the reduction degree o
supported cobalt oxide particles[12,15]. These two parame
ters are determined, to a great extent, by the cobalt–su
interaction strength[16]. A strong Co–support interactio
as it occurs in the case of Al2O3 and TiO2, favors the dis-
persion of the supported Co particles, but at the same
decreases their reducibility[17], leading to catalysts with
a limited number of accessible Co0 sites. On the contrary
a much weaker interaction leading to a higher Co reduc
ity occurs for Co/SiO2 catalysts, but in this case the cob
particles tend to agglomerate on the silica surface during
thermal activation treatments resulting in a relatively l
metal dispersion, and thus, a low number of surface ac
sites. The reducibility of supported cobalt oxide may be
creased by the addition of small amounts of noble me
such as Pt, Pd, Re, or Ru[12,17,18]. Transition metals, suc
as Mn and Zr[17,19,20], have also been used as promot
to improve the dispersion of the supported cobalt particl

Recently, ordered mesoporous silicas of the MCM
SBA type having high surface area and a narrow pore-
distribution have been used as supports for preparing
based FTS catalysts with the aim of improving Co disp
sion by confining the cobalt particles inside the mesopo
channels[20–26]. The properties of the cobalt particles we
greatly affected by the pore size of the mesoporous sup
Thus, an increase of the average particle size of the
ported Co oxide phase was found with increasing the p
size of the periodic mesoporous silica[21,22]. Larger cobalt
particles sizes formed in wider pore mesoporous supp
such as SBA-15, were more reducible and lead to cata
with higher catalytic activity and lower methane selec
ity than smaller particles in narrower pore materials, s
as MCM-41. An increase in the mean crystallite size
reducibility of cobalt particles with increasing the avera
pore size has also been observed for a series of Co/2
catalysts prepared from commercial amorphous silicas
.

e

t

.
-

,

(a) ITQ-2

(b) ITQ-6

Fig. 1. Schematic representation of the(a) ITQ-2 and (b) ITQ-6 structures

varied pore diameters[27]. These authors found an optimu
FTS activity and C5+ selectivity for a silica having an ave
age pore diameter of 10 nm. We have recently reported
at comparable Co loadings, Co/SBA-15 samples prepare
from a SBA-15 mesoporous silica with an average pore
of 10 nm were significantly more active than conventio
Co/SiO2 catalysts owing to an improved Co dispersion[20].

Recently, two new zeolitic materials, ITQ-2 and ITQ
have been synthesized in our laboratories[28–30]. ITQ-2
and ITQ-6 zeolites were obtained by delamination of l
ered zeolite precursors having the MWW (MCM-22) a
FER (ferrierite) structure, respectively. The delaminated ze
olites are mostly formed by single zeolitic layers organi
in a “house of card”-type structure having a very high
ternal surface area, usually above 600 m2/g, typically ob-
served for ordered mesoporous materials. A significant
ference, however, between the delaminated zeolites an
mesoporous MCM-41 and SBA-type materials is that
former have short-range order owing to the zeolitic na
of the layers, and thus are more thermal and hydrot
mally stable. A schematic representation of the ITQ-2
ITQ-6 structures is shown inFig. 1. ITQ-2 consists of thin
sheets 2.5 nm in height presenting an hexagonal arra
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“cups” (0.7× 0.7 nm) that penetrate into the sheet from b
sides connected by a double 6-member ring (MR) wind
(Fig. 1a). The sheets contain a circular 10-MR sinusoi
channel system. The external surface of ITQ-6 contains c
delimited by 10-MR and are thus of a smaller diameter t
the 12-MR delimited cups of ITQ-2, as seen inFig. 1b.
Moreover, the ITQ-6 layers do not contain 10-MR chann

The singular structure of the delaminated zeolites,
particularly the very high and well-defined external s
face area, makes these materials attractive to be use
supports for dispersing active metal phases. In this se
NiMo and Pt catalysts supported on (Al)-ITQ-2 were appl
for hydrocracking of vacuum gas oil and hydrogenation
aromatics with promising results[31]. Therefore, in this
work we have studied the possibilities of using pure
ica delaminated ITQ-2 and ITQ-6 zeolites as supports
preparing cobalt-based Fischer–Tropsch catalysts. The
terials have been characterized by N2 adsorption, X-ray dif-
fraction (XRD), transmission electron microscopy (TEM
temperature-programmed reduction (TPR), and infra
spectroscopy of adsorbed CO (IR-CO). The activity and
lectivity for the FTS reaction were evaluated under typi
hydrocarbon synthesis conditions (493 K and 20 bar),
the results compared with a mesoporous Co/MCM-41 a
conventional Co/SiO2 sample with equivalent Co loading.

2. Experimental

2.1. Preparation of catalysts

Pure silica ITQ-2 zeolite was obtained by swelling t
layered MWW zeolite precursor in cetyltrimethylamm
nium bromide (CTABr) as described in[29]. Typically, 27 g
of precursor is mixed with 105 g of an aqueous solut
of CTABr (29 wt%) and 33 g of an aqueous solution
tetrapropylammoniumhydroxide (TPAOH, 40 wt%), and
resulting solution is refluxed for 16 h at 353 K. The laye
are forced apart by placing the slurry in an ultrasound b
(50 W, 40 kHz) for 1 h. Separation of the solids is done
acidification of the medium with concentrated hydroch
ric acid (HCl, 37%) until the pH is below 2, followed b
centrifugation. Calcination of the material at 813 K yiel
ITQ-2.

An all-silica ITQ-6 sample was prepared by a similar p
cedure by swelling the laminar precursor of ferrierite (PR
FER) according to the procedure described in[28]. Typi-
cally, 10 g of an aqueous solution of PREFER (20 wt%
mixed with 8 g of an aqueous solution of CTABr (25 wt%
and 10 g of an aqueous solution of TPAOH (40 wt%). A
ter vigorous stirring at 398 K, the PREFER was swelled
CTABr and TPAOH. Separation of the layers is achieved
sonication, acidification, and centrifugation under the sa
conditions described above for ITQ-2. After washing a
drying the solid, the ITQ-6 zeolite is obtained by calcin
tion at 853 K to remove the organic material.
s
,

-

For comparison purposes, a mesoporous silica MCM
sample and a commercial amorphous SiO2 (Fluka, silica gel
100) were also used as supports. The MCM-41 sample
synthesized from Aerosil-200 (Degussa) as silica sou
tetramethylammonium hydroxide (TMAOH, Aldrich), an
hexadecyltrimethylammoniumbromide (CTMABr, Aldrich
as the surfactant template, following the procedure reporte
in [32]. Thus, a gel of the following molar composition,

SiO2:0.26 CTABr:0.40 TMAOH:29 H2O

was loaded in Teflon-lined stainless-steel autoclaves
heated in static at 408 K for 24 h. The resulting solid w
washed with distillate water and dried at 333 K overnig
Finally, the organic was removed by calcination at 813 K
flowing N2 for 1 h and then with air at the same temperat
for 5 h, yielding the MCM-41 material.

Incorporation of cobalt was accomplished by impreg
tion of the respective supports with an excess of an aqu
solution containing the required amount of Co(NO3) · 6H2O
(Aldrich, 98%) to achieve anominal concentration o
20 wt% cobalt in the final catalysts. The volume of t
impregnating solution used was six times the volume
quired to fill the pores of the support. After stirring for 1
at room temperature, the solvent was eliminated by r
vaporation, and the solid was further dried at 333 K for 12
In the case of MCM-41, the cobalt salt was dissolved
ethanol for preparing the impregnating solution. Finally,
Co-supported catalysts were calcined in a muffle ove
573 K for 10 h.

2.2. Characterization techniques

The cobalt content in the calcined catalysts was dete
mined by atomic absorption spectrophotometry (AAS) i
Varian Spectra A-l0 Plus apparatus.

Textural properties of the supports and Co-containing
alysts were obtained from the nitrogen adsorption isothe
determined at 77 K in a Micromeritics ASAP 2000 equ
ment. Surface areas were calculated by the BET method
the pore-size distributions were obtained using the BJH
malism. Prior to the adsorption measurements the samp
were outgassed at 473 K for 24 h.

X-ray diffraction was used to identify the nature of t
crystalline cobalt oxide phases. XRD patterns were obta
at room temperature in a Philips X’pert diffractometer us
monochromatized CuKα radiation.

The Co3O4 particle-size distribution and the avera
cobalt particle diameter in the oxidized samples were
tained by dark-field transmission electron microscopy in
Hitachi 800MT microscope operated at an accelerating v
age of 200 kV. Dark field consists of observing the ima
produced by the diffracted electrons corresponding to a
termined lattice spacing leaving the rest dark. In detail
obtain the size distribution of the cobalt particles, the dia
eter of the equivalent circle which encloses the bright sp
in the dark-field images was measured. Between 100 a
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300 particles coming from at least 10 different blind-cod
images were measured. Unfocused or superimposed
cles were discarded. From these data, the statistical av
was calculated. For observation the samples were grou
to a fine powder and diluted in ethanol to give a 1:3 v
ume ratio and sonicated for 2 min. A Cu grid covered w
a thin film of amorphous carbon was dipped in the metha
slurry and then allowed to dry. The average Co3O4 parti-
cle sizes obtained were then converted to the correspon
cobalt metal diameters in reduced catalysts by conside
the relative molar volumes of Co0 and Co3O4 by using the
following equation[33]:

d(Co0) = 0.75d(Co3O4).

Then, Co0 metal dispersions were estimated from
mean Co0 particle sizes assuming a spherical geom
of the metal particles with uniformly site density of 14
atoms/nm2 using the following equation[33,34],

D = 96/d,

whereD is the percentage dispersion andd is the mean par
ticle size of Co0 in nanometers.

The reduction behavior of the supported oxidized co
phases was studied by temperature-programmed re
tion in a Micromeritics Autochem 2910 equipment. Abou
30 mg of the calcined catalyst was initially flushed w
30 cm3/min of Ar at room temperature for 30 min and the
mixture of 10 vol% of H2 in Ar was passed through the ca
lyst at a total flow rate of 50 cm3/min while the temperatur
is increased up to 1173 K at a heating rate of 10 K/min. The
H2 consumption rate was monitored in a thermal conduc
ity detector (TCD) previously calibrated using the reduct
of CuO as reference.

A different set of experiments was performed in the sa
equipment to determine the extent of cobalt reduction
ter submitting the calcined samples to the same reduc
treatment applied prior the catalytic tests. For this purp
about 100 mg of oxidized catalyst was placed in the TP
cell and reduced in situ at 673 K for 10 h at a heating
of 1 K/min by flowing 50 cm3/min of a mixture of 10 vol%
H2 in Ar. Then, the temperature was increased from 67
1173 K at a rate of 10 K/min and the H2 consumption regis
tered. The degree of Co reduction was then calculated
the amount of H2 consumed assuming that complete red
tion of Co3O4 to CoO and partial reduction of CoO to C0

took place during the in situ reduction treatment at 673
This assumption is based on the fact that supported Co3O4

crystallites have been shown to be reduced to CoO at tem
atures typically below 673 K, while higher temperatures
needed to reduce CoO to metallic cobalt[17]. According to
the stoichiometry of the second reduction step, the mole
H2 consumed will be equivalent to the moles of cobalt wh
remain unreduced after the in situ reduction step at 673

CoO+ H2 → Co0 + H2O.
-
e
d

-

-

Then, the degree of reduction (DR) is calculated by
plying the following equation:

DR (%)= [
1− (nH2)/(nCo)

] × 100,

wherenH2 is the moles of H2 consumed andnCo is the moles
of total cobalt in the catalyst.

The nature of cobalt species in the different supports
studied by infrared spectroscopy with adsorbed CO on a
Rad FTS-40A spectrometer using a quartz infrared cell fi
with KRS-5 windows and an external furnace. Prior to
CO adsorption experiments the catalysts were reduce
situ in pure hydrogen flow at 673 K for 10 h. The samp
were pressed into wafers (10 mg/cm2) and reduced agai
in the IR cell under static conditions at 623 K in order
avoid the presence of oxidizedsurface species that might b
formed in contact with air during the transfer of the sample
from the ex situ reduction reactor to the spectrometer.
ter the in situ reduction treatment the samples were co
in vacuum and then pulses of CO were introduced at 29
using calibrated volumes (1.55 cm3).

2.3. Catalytic experiments

The Fischer–Tropsch synthesis reaction was perform
a downflow fixed-bed stainless-steel reactor (di = 10 mm,
l = 40 cm). Typically, the reactor was loaded with 1.0
of catalyst (0.25–0.42 mm particle size) diluted with s
con carbide (0.25–0.59 mm particle size) up to a cons
volume of 6.4 cm3. Prior to the catalytic experiments th
catalysts were reduced in situ at atmospheric pressure b
creasing the temperature at a heating rate of 1 K/min from
ambient to 673 K and maintained at this temperature
10 h while passing a flow of pure hydrogen (400 cm3/min)
through the reactor. After the reduction step the temp
ture was lowered to 373 K under a flow of H2 and then a
mixture of H2, CO, and Ar (internal standard) in a volum
ratio of 6:3:1 (H2/CO = 2) was fed at a total flow rate o
250 cm3/min, corresponding to a gas hourly space vel
ity (GHSV) of 13.5 L(NTP)/(gcath) referred to the synga
mixture. Then, the reactor pressure was slowly increase
20 bar, and the temperature in the catalyst bed was ra
from 373 to 493 K at a heating rate of 4 K/min. Once the
reaction temperature of 493 K was achieved, which is c
sidered as time zero (TOS= 0), the reaction was led t
proceed during a period of 15–20 h to ensure stabiliza
of the catalyst activity. During the reaction the tempera
in the catalyst bed was controlled to 493 K (±1 K) by means
of two independent heating zones with the correspon
temperature controllers connected to thermocouples loc
in different positions inside the catalytic bed. Prelimin
experiments were carried out to ascertain that under t
conditions the reaction was not controlled by external
intraparticle mass-transfer limitations.

During the reaction, the effluent leaving the reac
passed through a hot trap kept at 473 K and at the
tem pressure (20 bar) to collect the waxy products, and
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stream of products exiting the trap (unreacted H2 and CO,
Ar, CO2, water, alcohols, and hydrocarbons up to about C20)
was depressurized and analyzed on line at periodic in
vals by gas chromatography in a Varian 3800 chromatog
equipped with three columns and two detectors. Analysi
Ar (reference gas), CO, CO2, and CH4 was performed us
ing two packed columns, a Porapak Q (0.5 m length) an
13X molecular sieve (1.5 m length), and a thermal cond
tivity detector. Alcohols and hydrocarbons from C1 up to
about C20 were analyzed using a capillary column (WCO
fused silica, 2.5 m length) and a flame ionization detecto
(FID). To avoid condensation of the heaviest hydrocarb
a controlled flow of nitrogen (50 cm3/min) was added to th
product stream after depressurization while all transfer l
between the reactor and GC were kept at a temperatu
473 K.

3. Results and discussion

3.1. Catalyst characterization

3.1.1. Structural and textural properties of materials
The X-ray diffraction patterns of calcined ITQ-2 an

ITQ-6 zeolites are shown inFig. 2. As observed, ITQ-2 doe
not show the 00l peaks with the 2.5-nm periodicity typica
of the MWW topology, indicating a reduction of long-ran
order along thec axis. Similarly, the diffractogram of ITQ
6 shows a strong reduction of the intensity of the reflexi
corresponding to planes (h00) as compared to the XRD pa
tern of ferrierite (not shown), indicating a remarkable loss
order along thea axis. These structural changes are in agr
ment with the proposed structures (Fig. 1) in which the mate-
rials are mostly formed by single layers of the correspond
lamellar precursors. The X-ray diffractogram of the calcin
MCM-41 sample (insert inFig. 2) shows the characterist
(100) sharp reflection at low angles (2θ ≈ 2.4◦), and the less
intense (110), (200), and (210) reflections at higher angle
which is indicative of a highly ordered mesoporous str
ture.

The N2 adsorption isotherms for ITQ-2, ITQ-6, an
MCM-41 samples are shown inFig. 3. The isotherm of
MCM-41 presents a sharp inflection at a relative pressur
about 0.25, indicating a narrow distribution of pores in
mesopore range characteristic for this material. The m
pore diameter of MCM-41 calculated by the BJH meth
is 3.1 nm. On the other hand, the shape of the adsorp
isotherms for the delaminated ITQ-2 and ITQ-6 zeolites
veals a wide pore-size distribution ranging from micro
macropores. As can be seen inFig. 3, the total pore vol-
ume of ITQ-6 is much larger than that of ITQ-2 while
relative partial pressures below 0.6 (which account for
cropores and mesopores with diameters below about 4.
as calculated by the BJH formalism) ITQ-2 shows a hig
adsorption capacitythan ITQ-6. Then, it can be said th
ITQ-2 possesses a large fraction of its porosity as microp
f
Fig. 2. X-ray diffraction patterns of calcined ITQ-2, ITQ-6, and MCM-
(insert) materials.

Fig. 3. Nitrogen adsorption isotherms of (2) ITQ-2, (") ITQ-6, and (e)
MCM-41 samples.

and small mesopores while ITQ-6 has a larger contribu
from macropores and large mesopores which are typic
attributed to interparticular condensation[35]. These dif-
ferences in porosity are probably the result of a dist
rearrangement of the layers in the two materials origina
by the different structures and dimensions of the zeolitic
ers in ITQ-2 and ITQ-6. Thus, the nitrogen adsorption res
indicate that ITQ-6 contains a larger fraction of accessib
external surface than ITQ-2.

The textural properties of the supports derived fr
the N2 adsorption isotherms are summarized inTable 1.
As observed, ITQ-2 presents a higher BET surface a
(822 m2/g) than ITQ-6 (585 m2/g), though the latter ha
a larger pore volume. Both ITQ-2 and ITQ-6 zeolites sh
a much higher surface area and total pore volume than
amorphous silica sample. On the other hand, the pure
ica mesoporous MCM-41 sample shows the highest sur
area (1223 m2/g).

The textural properties of the Co-containing catalysts
also given inTable 1. A reduction of surface area and po
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Table 1
Textural properties of supports and Co-containing catalysts determined b
nitrogen adsorption

Sample Co content
(wt%)

Surface area
(BET)
(m2/g)

Pore volume
(BJH)
(cm3/g)

Average pore
diameter (BJH)
(nm)

ITQ-2 – 822 0.76 3.7
ITQ-6 – 585 0.94 6.4
MCM-41 – 1223 0.76 2.2
SiO2 – 387 0.80 8.6
Co/ITQ-2 20.0 484 0.55 4.5
Co/ITQ-6 20.5 350 0.61 7.0
Co/MCM-41 19.3 711 0.44 2.3
Co/SiO2 20.2 260 0.54 6.5

volume is noted for all catalysts after incorporation of cob
(ca. 20 wt% Co). The decrease of surface area is mainly
to a “dilution” effect caused by the presence of the suppo
cobalt oxide phase. Nevertheless, the relative loss of su
area taking into account the dilution effect (assuming
cobalt in calcined samples is present in the form of Co3O4,
as will be shown later, and that this phase does not contr
to the surface area) is about 20% for Co/ITQs and Co/MC
41 catalysts, and ca. 10% for Co/SiO2. This indicates that a
partial plugging of the support pores has also occurred
Co incorporation. It is seen inTable 1that Co/ITQs have
a larger surface area than the conventional Co/SiO2 cata-
lyst. Furthermore, the ordered mesoporous structure o
MCM-41 support is preserved after Co loading, as indica
by the presence of the low-angle XRD peak (not shown)
the very high surface area (>700 m2/g) of the Co/MCM-41
sample.

3.1.2. Cobalt structure and particle size
The X-ray diffractograms of the oxidized Co cataly

(not shown) exhibit the reflections at 2θ of about 31.3, 36.9
45.0, 59.4, and 65.4◦ characteristic of the spinel Co3O4
phase, as it is usually observed for siliceous materials
pregnated with cobalt nitrate precursor[21,22,25,27,36].
The average diameter and distribution of the suppo
cobalt particles in oxidized catalysts were investigated
TEM. As an example, bright-field and dark-field TEM im
ages of Co/ITQ-6 are presented inFig. 4. In the dark-field
image (Fig. 4b) the cobalt nanoparticles clearly appear
bright spots. Direct observation of bright-field TEM imag
of the studied catalysts allows for obtaining the average
and distribution of the supported cobalt particles. The co
particle-size distributions obtained for the different cataly
are shown inFig. 5. A pronounced maximum for particles
6 nm diameter, representing about 24% of the total Co p
cles, is found in Co/ITQ-6. The maximum in the particle-s
distribution is shifted towardlarger diameters in Co/ITQ-
(9 nm) and Co/SiO2 (8 nm). The distribution of cobalt part
cles appears to be more heterogeneous in Co/SiO2, while
Co/ITQ-2 contains a larger proportion of particles in
7–9 nm range. Higher differences in particle-size distri
tion are evident for Co/ITQ-6 catalyst, for which about 50
(a)

(b)

Fig. 4. Bright-field (a) and dark-field (b) TEM images of Co/ITQ-6 samp

of the Co3O4 particles have a diameter below 7 nm. O
the other hand, a clear bimodal distribution with a sh
maximum at 3 nm and a broader one centered at 19 n
observed in the Co/MCM-41 sample. The first maxim
mimics the mean diameter of the MCM-41 host (3.1
as determined by N2 adsorption) and thus corresponds
Co3O4 particles encapsulated within the mesoporous ch
nels, while the second maximum indicates the presenc
larger cobalt particles deposited on the external surface

The average particle size obtained from the above par
size distributions and the corresponding Co0 dispersions
calculated as explained under Experimental are give
Table 2. As observed, the average diameter of Co3O4 crys-
tallites in Co/MCM-41 (9.2 nm) and Co/ITQ-6 (9.3 nm)
lower than in Co/ITQ-2 (11.7 nm) and Co/SiO2 (10.6 nm).
For comparison purposes, the average diameters o
Co3O4 crystallites estimated from XRD patterns using
Scherrer equation[37] are also given inTable 2. Except
for the Co/MCM-41 sample, XRD crystallite diameters a
about 1.5 to 2.4 times larger than the corresponding T
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Fig. 5. Cobalt particle-size distributions as determined by TEM.

values. Usually, larger values have been reported for a
age particle sizes estimated from XRD as compared to othe
techniques[38,39]. These discrepancies have been explai
Table 2
Average particle size, dispersion,and reducibility of the supported coba
particles

Catalyst TEM XRD
Dp(Co3O4)
(nm)

Degree of
reduction (%)Dp (Co3O4)

(nm)
D (Co0)
(%)

Co/ITQ-2 11.7 10.9 17.3 89
Co/ITQ-6 9.3 13.8 20.9 88
Co/MCM-41 9.2 13.9 5.5 38
Co/SiO2 10.6 12.1 15.6 96

Fig. 6. TPR profiles of cobalt-supported catalysts.

by considering the limitations and approximations of us
XRD line broadening, which generally tend to overstate
actual particle sizes.

3.1.3. Reducibility of the Co species
The reduction behavior of the supported cobalt

ide particles in the different supports has been studied
temperature-programmed reduction (TPR). The corresp
ing reduction curves are shown inFig. 6. As observed
Co/ITQ and Co/SiO2 catalysts exhibit two main reductio
features with maxima at about 550–570 K and 600–620
which correspond to the two-step reduction process in w
Co3O4 is first reduced to CoO and then CoO is reduc
to Co0, as reported by different authors[16,36,40,41]. The
TPR profiles are quite similar for the delaminated and SiO2-
based catalysts, suggesting acomparable reducibility of the
supported oxidic species. Nevertheless, Co/ITQ-6 show
broad and small reduction feature in the range of 800–90
that could be attributed to the reduction of the smaller co
particles (probably those with less than 5 nm in diame
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detected by TEM and which were not observed on Co/IT
2 and Co/SiO2. On the other hand, a quite different reduct
pattern is found for Co/MCM-41. This sample shows a fi
reduction peak with a maximum at about 543 K, most lik
corresponding to the reduction of the larger Co3O4 particles
located on the external surface, as observed by TEM,
probably also to the contribution of partial reduction (Co3O4
to CoO) of the smaller particles. This sample also show
second broad reduction feature at higher temperatures
maximum hydrogen consumption above 900 K, which
typical for the reduction of cobalt silicates probably form
by reaction of highly dispersed CoO with the silica su
port during the reduction process[27,36,42]. In the case o
Co/MCM-41, the very small cobalt particles confined ins
the mesoporous channels would favor the CoO-suppor
teraction leading to the formation of hardly reducible cob
species. A lower reducibility of small cobalt particles
cated in narrow pores of the support has also been relat
a slower diffusion rate of the water formed in the reducti
increasing its residence time inside the pores[16,25,36].

The degrees of cobalt reduction determined by TPR
ter reducing the catalysts in hydrogen at 673 K for 10 h
explained under Experimental are given inTable 2. The val-
ues obtained are in good agreement with the TPR pro
discussed above. Thus, very high reduction degrees
obtained for Co/ITQs (88–89%) and Co/SiO2 (96%), while
the extent of reduction for Co/MCM-41 was only 38%. T
slightly lower reduction degrees of Co/ITQs with respec
Co/SiO2 may reflect the differences in particle-size dis
bution observed by TEM. It is worth noting the very hi
reducibility of cobalt oxides supported on ITQ-6, desp
that this sample contains a larger proportion of small co
particles, as observed by TEM.

3.1.4. Nature of the cobalt species
IR spectroscopy of adsorbed CO has been extens

used to identify the nature of adsorption sites in cobalt c
lysts[43–50]. The IR spectra of reduced Co/ITQ-6, Co/IT
2, and Co/SiO2 samples at different CO coverage are sho
in Figs. 7–9, respectively. As observed inFig. 7, at low
CO dosage Co/ITQ-6 displays a band at 2008 cm−1 with
an asymmetry in the low frequency region. The asym
try at low frequency may indicate the presence of ano
component at around 1960 cm−1. Increasing the amount o
adsorbed CO the band maximum at 2008 cm−1 is slightly
shifted to higher frequencies (2013 cm−1) while its intensity
decreases and becomes more symmetric, suggesting a s
taneous decrease of the intensity of the low-frequency c
ponent at ca. 1960 cm−1. In addition, a band at 1897 cm−1,
which increases in intensity at higher CO dosages, is cle
observed. This band appears to be stable towards evacu
as observed in spectrumd (dotted line) inFig. 7.

The IR spectra of CO adsorbed on Co/ITQ-2 (Fig. 8) also
present, at low coverage, a band at 2006 cm−1 with a low-
frequency tail at around 1945 cm−1. The band at 2006 cm−1

is shifted to higher frequencies (2012 cm−1) and decrease
l-

n,

Fig. 7. FTIR spectra of CO adsorbed on Co/ITQ-6 at different CO dosa
(a) 13.4 mbar, (b) 47.5 mbar, (c) 135.3 mbar, (d) evacuation spectrum

Fig. 8. FTIR spectra of CO adsorbed on Co/ITQ-2 at different CO dosa
(a) 6.2 mbar, (b) 54.3 mbar, (c) 71.1 mbar.

in intensity with increasing CO dosage, as it was also
served for Co/ITQ-6. However, the relative decrease in
tensity of the 2006 cm−1 band is lower in Co/ITQ-2 than i
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Fig. 9. FTIR spectra of CO adsorbed on Co/SiO2 at different CO dosages
(a) 3.5 mbar, (b) 57.0 mbar, (c) 130.0 mbar.

Co/ITQ-6. In addition, the band at 1897 cm−1 is also evi-
denced inFig. 8, especially at higher CO coverage, thou
its relative intensity is lower than in Co/ITQ-6. Moreove
a low intense band at around 1800 cm−1 is observed in the
spectra of Co/ITQ-2.

The IR spectra of Co/SiO2 (Fig. 9) at low CO dosage
presents an intense band at 2004 cm−1 with a broad shoul-
der around 1930 cm−1. Increasing CO dosage shifts th
2004 cm−1 band to higher frequencies (2007 cm−1) but,
contrary to what was found in Co/ITQ-6 and Co/ITQ-2 sa
ples, its intensity hardly changes with increasing CO dos
The broadness of the low-frequency tail suggest heterogen
ity of cobalt adsorption sites that could be related to
heterogeneous particle-size distribution observed by T
Furthermore, a band at about 1800 cm−1 is also observed
in Co/SiO2, the relative intensity of which is higher than
the delaminated catalysts (it is hardly visible in Co/ITQ-
The presence of the adsorption band at 1897 cm−1 can-
not be completely neglected in the spectra of Co/SiO2 due
to the broad low-frequency shoulder but if present, its
tensity should be significantly lower than in Co/ITQ-6 a
Co/ITQ-2.

It is worth noting the absence of CO adsorption ba
above 2100 cm−1 in the IR spectra of the three catalys
studied, indicating that oxidized cobalt species (CO–Con+)
should be, if any, in very low amounts[48]. This is in agree-
ment with the very high reducibility of these catalysts o
served by TPR experiments.
The IR band in the 2010–2000 cm−1 region observed in
the IR spectra of the three catalysts investigated has
unambiguously assigned to CO linearly adsorbed on co
metal [48–50]. The blue shift of the band maximum wit
increasing CO coverage is attributed to dipole–dipole
teraction effects of adsorbed CO molecules. On the o
hand, the assignation of the IR bands at lower frequen
(<2000 cm−1) is still a matter of controversy in the lite
ature. Thus, polycarbonyl Co(CO)x (x > 1) species[48],
bridged-type CO species [48, and references therein,49,
50], and CO linearly adsorbed on coordinatively unsa
rated metal sites[51–53]have been postulated by differe
authors. Polycarbonyl species are unlikely to form at
CO coverage and they are less stable toward evacuatio
contrast to what is found for the 1897 cm−1 band. In ad-
dition, no bands are observed in the region between 1
and 1700 cm−1 which is the typical region for vibrations o
polycarbonyl species[48]. On the other hand, our TEM re
sults do not support the assignment of the 1897 cm−1 band
to bridged-type CO species. Indeed, bridged CO specie
preferentially formed on flat metal surfaces associated
larger cobalt particles[48,54,55], whereas the intensity o
the 1897 cm−1 band is higher in Co/ITQ-6 having a great
proportion of smaller cobalt particles. Therefore, we ten
tively ascribe this band to COlinearly adsorbed on coord
natively unsaturated cobalt metal sites, such as those loc
in edges, corners, and dislocations, which would be m
abundant in smaller crystallites. This type of site will sh
a high density of d-electrons favoring the backdonation
electrons to the 2π∗ antibonding molecular orbital of CO
with a consequent reduction in vibrational frequency. In fa
theoretical calculations have predicted bands at 1867, 1
and 1835 cm−1 for cobalt atoms on edges and on two d
ferent types of corners, respectively[45]. Finally, the band
in the lower frequency region at ca. 1800 cm−1 observed in
Co/ITQ-2 and Co/SiO2 is usually assigned to CO adsorb
on multifold metal cobalt sites[49,56].

Worth noting is the decrease of the intensity of the
bands at about 2000–2010 cm−1 and 1960–1930 cm−1 with
increasing CO dosage in Co/ITQ-6 and, to a lesser ex
in Co/ITQ-2 samples. Such a decrease of intensity of
IR-CO bands can be attributed to dissociation and/or dis
portionation of CO on the metal surface[45,48]. Actually,
a band at 1615 cm−1 related to surface carbonate spec
[50] develops in Co/ITQ-6 at increasing CO coverage (
shown), suggesting that CO2 was formed by disproportiona
tion of CO. The band at about 1615 cm−1 is also evidenced
in the IR spectrum of Co/ITQ-2, though in a lower inte
sity than in Co/ITQ-6, and is hardly observed in Co/SiO2,
in close agreement with the relative decrease in intensit
the 2000–2010 cm−1 band upon increasing CO dosage o
served for the three catalysts studied. At the present time
do not have a plausible explanation for the higher reac
ity of the cobalt sites in Co/ITQ-6 (and to a lesser exten
Co/ITQ-2) toward CO dissociation/disproportionation, a
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Table 3
Catalytic results for the FTS reaction on Co-supported catalysts

Catalyst CO conv.
(%)

Reaction rate

(10−3 s−1)

TOFa

(10−2 s−1)

Hydrocarbon distribution (%C) αb

C1 C2–C4 C5+
Co/ITQ-6 37.5 5.51 4.5 10.7 11.0 78.3 0.85
Co/ITQ-2 21.9 3.30 3.4 13.2 14.2 72.6 0.83
Co/MCM-41 24.3 3.80 7.2 25.6 29.7 44.7 0.76
Co/SiO2 20.2 3.01 2.6 16.6 17.9 65.5 0.81

Reaction conditions:T = 493 K,P = 20 bar, H2/CO= 2, GHSV= 13.5 Lsyngas/(gcath).
a Turnover frequencies estimated from the TEM Co0 dispersions and the degrees of reduction.
b Chain growth probability obtained from the ASF plot in the C1–C20 hydrocarbon range.
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further spectroscopic work is in progress to elucidate this
fect.

3.2. Fischer–Tropsch synthesis results

The FTS catalytic performance of the different C
supported catalysts was evaluated in a fixed-bed reacto
der typical hydrocarbon synthesis conditions: 493 K, 20 ba
H2/CO = 2, and GSHV of 13.5 Lsyngas/(gcath). The ac-
tivity and selectivity results corresponding to the pseu
stationary period (15–20 h on stream) are presented inTa-
ble 3. As observed, the Co/ITQ-6 catalyst displays a m
higher CO conversion than the rest of catalysts tested.
global reaction rates calculated as the moles of CO conv
per mole of total cobalt and per second are also inclu
in Table 3. The FTS reaction rate of Co/ITQ-6 is about 1
and 1.8 times greater than that of Co/MCM-41 and Co/S2,
respectively. On the other hand, Co/ITQ-2 gives a reac
rate which is slightly higher (1.1) than that of Co/SiO2. In
the case of Co/MCM-41 the relatively low activity can
ascribed to the poor reducibilityof the very small Co parti
cles confined within the mesoporous channels. By cont
the high activity of Co/ITQ-6 originates from its relative
low Co particle size and its high reduction degree, res
ing in a greater density of active surface Co0 sites. From a
practical point of view, these results show that by using
delaminated ITQ-6 zeolite having a high external surf
area one can achieve FTS activity per mass of cobalt th
significantly higher than that of catalysts based on orde
mesoporous silicas and conventional amorphous silica.

In principle, one might expect the FTS activity to be p
portional to the concentration of surface cobalt metal s
(Co0

s), that is, the intrinsic activity (turnover) of the access
ble Co0 sites should be constant. The TOF values estim
from the TEM Co0 dispersions and the degrees of reduct
are given inTable 3. Turnover frequencies appear to be sim
lar for Co/ITQs and Co/SiO2 (ranging from 2.6 for Co/SiO2
to 4.5 for Co/ITQ-6), while a slightly higher value (7.2)
obtained for Co/MCM-41. It must be taken into account t
these values are exposed to some uncertainty as the Co0 dis-
persions in reduced catalysts are estimated from the T
Co3O4 dispersions in oxidized samples, as explained
der Experimental. Breakup of the supported cobalt parti
might occur during the reduction process that would lea
-

,

an underestimation of the Co0 dispersion. Moreover, differ
ences in the accessibility to the active Co0 sites might also
lead to changes in the apparent TOF values for the diffe
catalysts. Taking all this into consideration, it becomes c
that several factors may contribute to the differences in T
shown inTable 3.

On the other hand, distinct hydrocarbon selectivities
found for the different catalysts. As observed inTable 3,
the mesoporous Co/MCM-41 catalyst gives the highes
lectivity to methane (25.6%) and the lowest selectivity
C5+ hydrocarbons (44.7%). A high methane selectivity
usually reported for catalysts having high metal dispers
and low Co reducibility[14,20], as is the case of Co/MCM
41. In fact, Khodakov et al.[22] found an inverse rela
tionship between the methane selectivity and the ex
of overall reduction for cobalt-supported mesoporous
cas. The higher methanation activity of Co/MCM-41 m
thus be responsible for its low C5+ selectivity. By contrast
Co/ITQ-6 gives the highest selectivity to C5+ hydrocarbons
(78.3%), followed by Co/ITQ-2 (ca. 72.6%), and Co/Si2
(ca. 65.6%). The chain growth probability (α) obtained from
the Anderson–Shultz–Flory (ASF) plots in the C1–C20 hy-
drocarbon range is 0.85 for Co/ITQ-6, 0.83 for Co/ITQ
0.81 for Co/SiO2, and 0.76 for Co/MCM-41, thus reflectin
the enhanced formation of heavier hydrocarbons in the
laminated catalysts.

It is well known that FTS selectivities may be affect
by conversion, and therefore, they should be compare
similar conversion levels to assess any changes arising
differences in catalyst properties. In general, one would
pect the C5+ selectivity to increase with increasing the C
conversion. Then, it is clear from the results presente
Table 3that the lower C5+ selectivity obtained for Co/MCM
41 at a higher conversion as compared with Co/SiO2 is as-
cribed to the particular properties (i.e., high dispersion
low reducibility) of the Co particles supported on the me
porous material. Furthermore, the superior C5+ selectivity
of Co/ITQ-2 with respect to Co/SiO2 should reflect differ-
ences in catalyst properties, as both catalysts display
close conversion levels (21.9 and 20.2%, respectively). H
ever, this is not the case of Co/ITQ-6 which shows a
conversion significantly higher (37.5%) than the rest of c
alysts studied. In order to separate the effect of conver
from the selectivity data given inTable 3, the Co/ITQ-6 cat-
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Table 4
Influence of conversion on hydrocarbon selectivities for Co/ITQ-6 cata

CO conversion (%) Hydrocarbon distribution (%C)

C1 C2–C4 C5+
37.5 10.7 11.0 78.3
30.4 13.5 12.6 73.9
24.3 15.4 12.4 72.2
19.6 16.4 11.8 71.8

Reaction conditions:T = 493 K,P = 20 bar, H2/CO= 2, GHSV= 13.5–
27 Lsyngas/(gcath).

alyst was evaluated at different space velocities ranging f
13.5 to 27.0 Lsyngas/(gcath) while keeping constant the re
of conditions. The hydrocarbon selectivities obtained at dif-
ferent conversion levels over Co/ITQ-6 are shown inTable 4.
As expected, the C5+ selectivity decreases with decreasi
CO conversion while the selectivity to methane follows
opposite trend. As seen inTable 4, a C5+ selectivity of ca.
72% is obtained for Co/ITQ-6 at a conversion of about 20
which is very close to that of Co/ITQ-2 and still higher th
that of Co/SiO2 at the same conversion level. These res
clearly indicate that the superior C5+ selectivity obtained for
Co/ITQ-6 and Co/ITQ-2 catalysts must be ascribed to
particular properties of the Co particles supported in the
laminated zeolites.

The chain growth probability during Fischer–Trops
synthesis on supported cobalt catalysts generally incre
with the size of the reduced Co particles[14,21,27,57]up
to a certain particle size above which it remains invari
[12,58]. According to the model proposed by Iglesia[13],
this effect can be explained in terms of a diffusion-enhan
readsorption of the primaryα-olefins which could thus par
ticipate in the chain-growing processes favoring the form
tion of longer hydrocarbon chains. In our case, the increa
C5+ selectivity observed over Co/ITQ-6 and Co/ITQ-2
compared to Co/SiO2 cannot be attributed to the presen
of larger cobalt particles in the former catalysts which,
cording to TEM results, contained a higher proportion
cobalt particles of smaller diameter. On the other hand, b
Co/ITQ-2 and Co/ITQ-6 were seen to present an inte
band at 1897 cm−1 in the infrared spectra that we attribut
to CO linearly adsorbed on coordinatively unsaturated co
metal sites, such as those located in edges and/or corne
sitions of the crystallites. Besides the differences in parti
size distribution observed by TEM, changes in the morp
ogy of the crystallites induced by the particular porosity
the delaminated zeolites might also contribute to the hig
concentration of low coordinated centers in Co/ITQ-6 ca
lyst (and to a lesser extent in Co/ITQ-2) as compared w
Co/SiO2. In this respect, Schulz et al.[59] observed an
increase of the chain growth probability during the init
stages of the FTS reaction and proposed that the formati
higher hydrocarbons would be favored on low coordinat
cobalt centers formed in this stage by segregation of la
cobalt particles. Then, we can suggest that the higher
centration of coordinatively unsaturated cobalt metal s
s

-

f

(giving a CO adsorption band at 1897 cm−1) may be respon
sible for the higher C5+ selectivity observed in Co/ITQ-
and Co/ITQ-2 as compared with Co/SiO2. This type of site
having several free valences might stabilize the surface
drocarbon intermediates formed during the Fischer–Trop
reaction favoring the hydrocarbon chain growth by succ
sive insertions of monomeric –CHx– species.

4. Conclusions

In this work we have applied all-silica ITQ-2 and ITQ
6 delaminated materials having a high external surf
area (>500 m2/g) as supports for preparing cobalt-bas
Fischer–Tropsch catalysts. The spinel Co3O4 is the only
crystalline cobalt phase detected by XRD in calcined Co/
catalysts (ca. 20 wt% Co content). The supported Co3O4

particles are better dispersed on ITQ-6 having a very la
and accessible external surface as compared with IT
and amorphous SiO2. According to TEM measurement
Co/ITQ-6 contains a greater proportion of relatively sm
cobalt particles with a pronounced maximum in the partic
size distribution at 6 nm representing about 24% of the t
particles. Thus, the average cobalt particle size in Co/IT
(9.3 nm) is lower than in Co/ITQ-2 (11.7 nm) and Co/Si2
(10.6 nm). It is remarkable that, despite the relatively h
proportion of small particles, the reducibility of Co/ITQ
catalyst is very high. Thus, about 90% of the Co3O4 particles
in Co/ITQ-6 are reduced to metallic cobalt after hydrog
treatment at 673 K, which is comparable to the reduc
degrees obtained for Co/ITQ-2 and Co/SiO2 having larger
cobalt particles. The mesoporous Co/MCM-41 sample
plays a bimodal distribution of cobalt particles with maxim
at 3 and 19 nm diameters corresponding to particles confi
within the mesopores (3.1 nm diameter) and on the ex
nal surface, respectively. The average particle size obta
from this distribution is 9.2 nm, very close to that of Co/IT
6. However, contrary to Co/ITQ-6, the cobalt reducibility
Co/MCM-41 is much lower (38% reduction degree) which
ascribed to a strong Co–support interaction of the very s
particles confined within the mesoporous channels. The
tively good cobalt dispersion and high reducibility achiev
on ITQ-6 result in a highly active catalyst for the Fischer
Tropsch synthesis reaction. Thus, Co/ITQ-6 displays a
hydrogenation rate about 1.8 and 1.5 times higher than
of Co/SiO2 and Co/MCM-41. The reaction rate of Co/ITQ
2 is only slightly higher than that of Co/SiO2. Moreover,
the catalysts based on ITQ-6 and ITQ-2 give the highes
lectivity to long-chain (C5+) hydrocarbons. We ascribe th
higher C5+ selectivity of these catalysts to a higher conc
tration of coordinatively unsaturated Co0 centers, which are
characterized by a band at 1897 cm−1 in the infrared spec
tra of adsorbed CO. This type of site having an enhan
electron density might stabilize surface hydrocarbon in
mediates favoring chain growth processes.
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